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Abstract 
Steam electrolysis using a solid oxide electrolysis cell at elevated temperatures 
might offer a solution to high electrical energy consumption associated with 
conventional water electrolysers through a combination of favourable 
thermodynamics and kinetics. Although the solid oxide electrolysis cell has not 
received significant attention over the past several decades and is yet to be 
commercialised, there has been an increased interest towards such a technology in 
recent years, aimed at reducing the cost of electrolytic hydrogen. Here, a one- 
dimensional dynamic model of a planar cathode-supported intermediate 
temperature solid oxide electrolysis cell stack has been developed to investigate 
the potential for hydrogen production using such an electrolyser. Steady state 
simulations have indicated that the electrical energy consumption of the modelled 
stack is significantly lower than those of water electrolysers commercially 
available today. However, the dependence of stack temperature on the rate of 
hydrogen production has suggested that there is a need for temperature control. 
Analysis of a possible temperature control strategy by variation of the air flow 
rate through the stack has shown that the resulting changes in the convective heat 
transfer between the air flow and stack can alter the stack temperature. 
Furthermore, simulated transient responses indicated that manipulation of such an 
air flow rate can reduce stack temperature excursions during dynamic operation, 
suggesting that the proposed control strategy has a good potential to prevent 
issues related to the stack temperature fluctuations. 
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Chapter 1 
Introduction 
1.1 Introduction 
Hydrogen is regarded as a leading candidate for alternative future fuels. It has the 
potential to address the environmental and energy security issues associated with 
fossil-derived hydrocarbon fuels. There are many pathways to producing 
hydrogen such as steam reforming of natural gas, gasification of coal, 
thermochemical water splitting and gasification of biomass. Among these, water 
electrolysis is a well-established technique, which is capable of producing carbon- 
free hydrogen if used in conjunction with renewable or nuclear energy. However, 
water electrolysis has not had a significant commercial penetration, mainly due to 
its high electrical energy consumption and associated high operating cost [1,21. 
National Renewable Energy Laboratory has suggested that the electricity cost 
comprise 80% of the total selling price of hydrogen from large scale electrolysers 
[3]. Such a high electricity cost also makes it difficult for the electrolytic 
hydrogen to meet the hydrogen target price of $2-3 per gallon of gasoline 
equivalent, set out by the United States government at the end of 2006 [4]. 
Steam electrolysis at elevated temperatures might offer a solution by consuming 
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less electrical energy than is required at ambient conditions through a combination 
of favourable thermodynamics and kinetics [5]. As will be explained further in 
Chapter 2, water/steam electrolysis is an endothermic reaction, requiring electrical 
as well as thermal energy to split water molecules into hydrogen and oxygen. 
Although almost the entire energy must be supplied in the form of electricity 
during low temperature water electrolysis, the fraction of the energy which can be 
supplied as heat increases at higher temperatures, enabling the partial replacement 
of electrical energy by thermal energy (which is usually less expensive) during 
steam electrolysis. Figure 1.1 presents total, electrical and thermal energy 
consumed by the electrolysis reaction as a function of temperature. It has been 
produced using thermodynamic tables [6], assuming electrolysis at atmospheric 
pressure with hydrogen, steam and oxygen partial pressures of 0.05,0.05 and 0.1 
MPa respectively. The figure shows that although the total energy consumption 
remains approximately constant, the electrical energy consumption decreases and 
the thermal energy consumption increases with temperature. At 1373 K, more than 
30% of the total energy consumed by the reaction can be supplied in the form of 
heat. In addition to such a thermodynamic advantage, elevated temperatures also 
allow the reduction of the losses associated with chemical kinetics of the reaction. 
Steam electrolysis at elevated temperatures is performed using a Solid Oxide 
Electrolysis Cell (SOEC), which can be seen in simple terms as the reverse 
operation of a Solid Oxide Fuel Cell (SOFC), allowing the opportunity to apply 
recent developments in SOFCs to the field. Although the SOEC still awaits further 
milestones in its development before becoming commercially viable, it might turn 
Chapter 1 
Introduction 
300 
250 
E 200 
s 150 
5 
loo O 
bA 
) 50 
L17 
Total 
Electrical 
Thermal 
0-ý 
373 573 773 973 1173 1373 
Temperature (K) 
Figure 1. l. Total, electrical and thermal energy consumed by the electrolysis 
reaction. Hydrogen, steam and oxygen partial pressures are assumed to be 0.05, 
0.05 and 0.1 MPa respectively. 
out to be one of the key technologies to support the hydrogen economy in the 
forthcoming decades. 
27 
The present chapter provides background information on water/steam electrolysis, 
illustrating the basic principles of such a hydrogen production technique and 
introducing different types of electrolysers. The chapter also presents the 
objectives of this project and outlines the rest of the thesis. 
1.2 Water/steam electrolysis cell 
A water/steam electrolysis cell is an electrochemical device which is used for 
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breaking water molecules into hydrogen and oxygen by energy chiefly supplied in 
the form of electricity. It was demonstrated in experiments as early as 1800 and 
has been used in industrial applications since the beginning of the last century [7]. 
A number of advantages exist for water/steam electrolysis over other hydrogen 
production techniques. Firstly, water/steam electrolysis can be performed using 
electricity originating from various primary energy sources. This provides 
increased security for the electrolytic hydrogen as its production does not depend 
entirely on the supply of fossil fuels. It also permits autonomous production of 
hydrogen using decentralised electrical energy sources, such as photovoltaic cells, 
at locations where electricity grids are not available. As previously mentioned, the 
use of renewable or nuclear electricity even allows the production of carbon-free 
hydrogen. Secondly, the simplicity of water/steam electrolysis cells means that 
small scale production of hydrogen is possible. Furthermore, as such cells are 
modular in design, the scale up of hydrogen plant should be simplified. In general, 
the electrolytic hydrogen is of purity above 99.5%, eliminating the necessity for 
such purification techniques as pressure swing adsorption. In some electrolysis 
units, the production of pressurised hydrogen is also possible, reducing the 
additional energy and cost associated with the pressurised storage of hydrogen. In 
spite of these advantages, the share of electrolytic hydrogen of only around 4% in 
meeting the world's hydrogen demand at the turn of the century [8] reflects the 
severity of its main disadvantage, high electrical energy consumption and 
associated high cost of production. 
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1.2.1 General principles 
In a water/steam electrolysis cell, electron-conducting electrodes (negatively- 
charged cathode and positively-charged anode) are separated by either an anion- 
29 
conducting or cation-conducting electrolyte. The alkaline electrolysis cell and the 
SOEC are examples employing the former type of electrolyte, whereas the 
polymer electrolysis cell functions with the latter. When sufficient DC voltage is 
applied between the electrodes, electrons are forced to travel towards the cathode 
from the anode via an external circuit, while the transport of ions occurs between 
the electrodes through the electrolyte. Such movements of electrons and ions are 
accompanied by electrochemical reactions, evolving hydrogen and oxygen at the 
surfaces of the cathode and anode respectively. Although both the hydrogen and 
oxygen evolution reactions differ for each of the alkaline and polymer electrolysis 
cells and SOEC, the overall reaction for water/steam electrolysis, shown in 
Equation (l. 1), applies to all types. 
H2O-H2+2O2 (1.1) 
In general, tens of unit electrolysis cells are assembled together to form a stack, 
allowing an adequate rate of hydrogen production. In a stack, electron-conducting 
interconnects are placed between the cells to provide electrical connection along 
the repeating units as well as well as to physically separate the hydrogen and 
oxygen generated in the adjacent cells. Apart from the stacks, a complete 
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electrolyser might typically be equipped with such balance of plant components as 
a transformer and rectifier for conditioning the input electricity, and feed water 
purifier to eliminate the impurities that would otherwise cause damage to the cells. 
Furthermore, temperature and pressure controls might be important in preventing 
failures of the cell components and in maintaining adequate operating conditions. 
1.2.2 Alkaline electrolysis cell 
The alkaline electrolysis cell is the oldest form of water electrolyser and is still the 
most common type today. It generally functions with an aqueous potassium 
hydroxide electrolyte with concentrations in the range of around 20 to 30% [9]. 
Although the exact compositions of the electrode materials are not usually made 
publicly available, they are typically nickel-based alloys [10]. The schematic view 
of a unit alkaline electrolysis cell is shown in Figure 1.2. 
When an electric potential is applied between the electrodes, water is 
electrochemically reduced at the cathode into hydrogen, releasing hydroxide ions 
in the process. The hydroxide ions then migrate through the electrolyte to the 
anode where they combine to form oxygen and water, releasing electrons. 
Although not shown in Figure 1.2, the produced hydrogen and oxygen are 
segregated by a gas separator placed between the electrodes. The balanced 
chemical equations for the reactions involved at the cathode and anode are 
presented in Equations (1.2) and (1.3) respectively. 
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Figure 1.2. Schematic view of an alkaline electrolysis cell. 
Cathode: 2H20 + 2e- -* H2 + 20H- (1.2) 
Anode: 20H--* z 02 + H2O + 2e- (1.3) 
Table 1.1 shows characteristics of some commercially available alkaline 
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electrolysers. Today, alkaline systems producing hydrogen at elevated pressures 
up to 3 MPa can be found [11]. While small scale electrolysers with a hydrogen 
outlet capacity below 100 normal m3 per hour typically consume electricity at 4.8 
kWh per normal m3 of hydrogen, Norsk Hydro's Atmospheric electrolyser [12], 
with larger capacity, is claimed to possess an electrical energy consumption of 
only around 4.1 kWh per normal m3. It is important to note, however, that 
electrical energy consumption is dependent on operating conditions such as 
temperature, pressure and the rate of hydrogen production. Here, the values 
Cathode Electrolyte Anode 
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published by the manufacturers are expected to correspond to the optimum 
conditions. In the table, electrical energy efficiency is calculated based on the 
higher heating value (HHV) of hydrogen, which is the energy released when 
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hydrogen is combusted, producing the product water in liquid state rather than as 
vapour. Note that although electrical energy efficiency seems high in Table 1.1, 
when the efficiency of electrical energy generation is taken into account, the 
overall efficiency of water electrolysers with respect to the primary energy is 
reported to be only around 27% [13]. 
Table 1.1. Maximum hydrogen outlet pressure, hydrogen output capacity, 
electrical energy consumption and electrical energy efficiency of selected 
commercially available alkaline electrolysers. 
Electrical Electrical 
Maximum H-, H, output 
energy energy 
outlet capacity 
consumption efficiency (% 
pressure (normal m of 
(kWh per based on 
(MPa) H,, per hour) 3 normal m H2) HHV of H, ) 
ELT, 
Atmospheric 
0.1 330 4.3-4.6 82-77 
electrolyser 
[11] 
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ELT, Pressure 
electrolyser 3.0 760 4.3-4.65 82-76 
[11] 
Norsk Hydro, 
Atmospheric 
0.1 377 4.1 86 
electrolyser 
[12] 
Norsk Hydro, 
High pressure 
1.2 65 4.8 74 
electrolyser 
[12] 
Hydrogenics, 
HySTAT-A 
1.0 60 4.8 74 
1000Q-60-10 
[14] 
Hydrogenics, 
HySTAT-A 
1.0 30 4.8 74 
1000D-30-10 
[14] 
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Hydrogenics, 
HySTAT-A 
1.0 15 4.8 74 
1000S-15-10 
[14] 
1.2.3 Polymer electrolysis cell 
Polymer electrolyte technology was invented in the 1950s by General Electric 
[15] and was implemented in fuel cells for aerospace applications during early 
development. Although the technology was not used in water electrolysis cells 
until the 1970's, polymer electrolysers have matured through such applications as 
oxygen generation in submarines and spacecraft, and energy storage on space 
stations [16]. Today, the typical material used for the polymer electrolyte is a 
perfluorosulphonate membrane, most commonly Nafion manufactured by DuPont, 
which necessitates the use of such expensive electrode materials as platinum due 
to its highly acidic nature [17]. Figure 1.3 presents the schematic view of a unit 
polymer electrolysis cell. 
In the polymer electrolysis cell, water is electrochemically oxidised at the anode 
into oxygen, releasing protons and electrons in the process. The protons then 
travel through the electrolyte to the cathode where they combine to form hydrogen. 
Unlike the liquid electrolyte in the alkaline electrolysis cell, the solid polymer 
membrane functions as a barrier between the product hydrogen and oxygen. The 
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Figure 1.3. Schematic view of a polymer electrolysis cell. 
balanced chemical equations for the reactions involved at the cathode and anode 
are presented in Equations (1.4) and (1.5) respectively. 
Cathode: 2H+ + 2e- H2 (1.4) 
Anode: H2O -* z 02 + 2H+ + 2e- (1.5) 
Table 1.2 shows the characteristics of some commercially available polymer 
electrolysers. Note again that the electrical energy consumption is expected to 
correspond to the optimum operating conditions. As indicated in the table, 
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polymer electrolysers involve an electrical energy consumption of at least around 
6.7 kWh per normal m3 of hydrogen, significantly higher than those of alkaline 
electrolysers. However, despite such a disadvantage, the absence of corrosive 
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liquid electrolyte and availability of bench-top scale units make the polymer 
electrolysers attractive for hydrogen generation in chemical laboratories, 
eliminating the need for the supply of bottled hydrogen. 
Table 1.2. Maximum hydrogen outlet pressure, hydrogen output capacity, 
electrical energy consumption and electrical energy efficiency of selected 
commercially available polymer electrolysers. 
Electrical Electrical 
H2 output 
Maximum H2 energy energy 
outlet pressure 
capacity 
consumption efficiency (% 
(normal m of 
(MPa) (kWh per based on HHV 
Hz per hour) 3 H2) normal m of H2) 
Distributed 
Energy 
Systems, 1.5 6.0 6.8 52 
HOGEN H 
6m [18] 
Distributed 
Energy 
Systems, 1.5 4.0 7.0 50 
HOGEN H 
4m [18] 
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Distributed 
Energy 
Systems, 1.5 2.0 7.3 48 
HOGEN H 
2m [18] 
Distributed 
Energy 
Systems, 1.38 1.1 6.7 53 
HOGEN S 40 
[18] 
Distributed 
Energy 
Systems, 1.38 0.5 6.7 53 
HOGEN S 20 
[18] 
domnick 
hunter, 
Hydrogen 0.7 0.03 7.8 45 
generator 60H 
[19] 
domnick 
hunter, 
Hydrogen 0.7 0.002 12.3 28 
generator 40H 
[19] 
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domnick 
hunter, 
Hydrogen 0.7 0.001 13.0 27 
generator 20H 
[19] 
1.2.4 Solid oxide electrolysis cell 
Unlike the alkaline and polymer electrolysis cells, which are operated at 
temperatures below around 373 K, an SOEC functions at temperatures up to 
around 1273 K. The concept of steam electrolysis is based on thermodynamic and 
kinetic advantages at elevated temperatures, resulting in a reduced demand for the 
input electrical energy. Although such a concept has been around for several 
decades, it has not received as much attention as other electrolysers and is yet to 
be commercialised. In an SOEC, yttria-stabilised zirconia (YSZ) is generally used 
as the electrolyte. Typical materials for the cathode are nickel cermets (composite 
material comprised of ceramic and metal) and those for the anode are perovskite 
oxides such as lanthanum manganite. The schematic view of a unit SOEC is 
shown in Figure 1.4. 
In the SOEC, steam is introduced at the cathode where it is electrochemically 
reduced into hydrogen, releasing oxide ions in the process. The oxide ions then 
migrate through the electrolyte to the anode where they combine to form oxygen 
molecules, releasing electrons. Similarly to the polymer electrolyte in the polymer 
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Figure 1.4. Schematic view of an SOEC. 
electrolysis cell, the solid oxide electrolyte is able to segregate the product 
hydrogen and oxygen in the SOEC. However, as the hydrogen is evolved back 
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towards the incoming steam at the cathode, the hydrogen must later be separated 
from the steam. The balanced chemical equations for the reactions involved at the 
cathode and anode are presented in Equations (1.6) and (1.7) respectively. 
Cathode: H2O + 2e- -> H2 + O2 (1.6) 
Anode: O'- --> L Oz + 2e- (1.7) 
As previously mentioned, the SOEC is known to possess electrical energy 
consumption which is lower than those of the alkaline and polymer electrolysers. 
Such a reduced electrical energy consumption can decrease the emissions 
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associated with the electrolytic hydrogen through an improvement in the process 
efficiency with respect to primary energy. In addition, a reduction in the energy 
cost might allow the steam electrolysis to become economically competitive with 
other hydrogen production techniques. 
The elevated operating temperatures of the SOEC, however, also mean that the 
stack and system components must possess thermal stability at such temperatures, 
increasing investment costs. Furthermore, the elevated temperatures make the 
monitoring of the stack thermal behaviour an essential part of the design process 
and cause the issue of temperature control to become an important factor during 
the operation of such a device. 
1.3 Research objectives 
The first objective of this project is to develop a model of an SOEC stack, capable 
of simulating the behaviour of the modelled stack under various conditions. The 
model is to be focused around the electrochemical behaviour of the stack and is to 
be capable of predicting transient, as well as steady state, responses. 
The second objective is to carry out steady state simulations, investigating the 
effects of some operating conditions on the stack performance. The steady state 
simulations would also enable the comparison of the electrical energy 
Chapter 1 
Introduction 
41 
consumption of the SOEC stack against those of water electrolysers commercially 
available today. 
The third objective is to suggest a possible control strategy for the stack 
temperature. As previously mentioned, thermal management is an important part 
of the SOEC stack operation at elevated temperatures. An analysis of the control 
strategy would, therefore, provide an important contribution to the field of SOEC 
development. 
The fourth objective is to perform dynamic simulations, predicting the stack 
temperature excursions which occur due to changes in the operating point. The 
effectiveness of proposed control strategy in maintaining the stack temperature 
excursions at acceptable levels is to be investigated. 
1.4 Thesis outline 
Each objective described in Section 1.3 is carried out in the following chapters. 
Chapter 2 provides the background to the SOEC, reporting its thermodynamic and 
kinetic advantages at elevated temperatures, its technology status and a review of 
SOEC modelling activities. In Chapter 3, the development of a dynamic model of 
an SOEC stack is detailed and the results from steady state simulations are 
presented. Chapter 4 reports the necessary model modifications made to introduce 
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air flow through the cells, allowing for the control of stack temperature, and the 
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analysis of the proposed control strategy. Chapter 5 involves dynamic simulations 
using such a modified model, presenting the simulated transient responses and 
evaluating the effectiveness of the proposed control strategy. In Chapter 6, the 
main conclusions are summarised and future research opportunities are suggested. 
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As mentioned in Chapter 1, steam electrolysis, by an SOEC, is known to involve 
an electrical energy consumption which is lower than those of water electrolysis, 
using alkaline or polymer electrolyser. In spite of such an advantage, the SOEC 
has not so far received significant attention and is yet to be commercialised. 
However, there has been an increased interest in SOEC technology in recent years, 
aimed at reducing the cost of electrolytic H2. 
This chapter describes the thermodynamic and kinetic advantages of an SOEC, 
explaining the reasons for the reduced electrical energy consumption during steam 
electrolysis at elevated temperatures. A review of the SOEC technology 
introduces the cell component materials, cell and stack designs, as well as the 
results obtained from several experimental projects. The SOEC modelling 
activities are also surveyed to identify where an important contribution can be 
made in the field. 
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2.2 Advantages of SOECs 
It is apparent from the balanced chemical equations presented in Chapter 1 that 
two electrons are involved in producing every molecule of Hz during water/steam 
electrolysis. As stated by Faraday's law, the input electrical current is, therefore, 
directly proportional to the rate of H2 production, given a constant current 
efficiency. Current efficiency is the fraction of electrical charge passed across an 
electrolysis cell which is involved in yielding the desired product. A loss of 
current efficiency occurs when the product gases permeate through the electrolyte, 
resulting in the recombination of H2 and 02. An increase in the electronic 
conductivity of the electrolyte, causing the electrons to travel from the cathode to 
anode through the electrolyte, as well as the electrochemical reduction of the 
electrolyte, are other means by which the current efficiency can be decreased. In 
an SOEC stack employing YSZ electrolyte, these occurrences are unlikely and the 
current efficiency is generally maintained at around 100% even after extended 
operation [1]. 
While the rate of H2 production is established by the magnitude of the input 
electrical current alone, the electrical power consumed by the stack is determined 
by the magnitude of the electrical potential across each cell as well as by the 
electrical current. Such electrical potential applied across each cell, or the cell 
potential (U), is directly proportional to the electrical energy consumption per unit 
product H2 as illustrated in Equation (2.1), where F represents the Faraday 
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constant (96487 C mol-1). Although, the electrical energy consumption is 
expressed in J mol-' of H2 here, it is also often measured in kWh per normal m3 of 
H2 in the water electrolyser industry. In a water/steam electrolysis stack, the 
reduced cell potential results in a decrease in the electrical energy consumption 
and increase in the stack efficiency indicated in Equation (2.2) with respect 
to the higher heating value of Hz. 
Electrical power dissipated into the stack 
= 2FU J mol- of H-, Rate of H2 production 
17 
rlec 
Higher heating value of H2 HHVH22FU 
Electrical energy consumption 
(2.1) 
(2.2) 
As shown in Equation (2.3), the cell potential consists of the reversible potential 
(We"), which is the voltage required to drive an ideal electrolysis cell, and 
irreversible losses (ýrorý, ý) associated with the inefficiencies of an actual cell. 
Reversible potential and irreversible losses are both functions of temperature. In 
Sections 2.2.1 and 2.2.2, the advantages of an SOEC over alkaline and polymer 
electrolysers, through the reduction of such voltages at elevated temperatures, will 
be explained. In addition, opportunities for the integration of external heat sources 
to an SOEC system, replacing some of the electrical energy necessary for the 
electrolysis by the thermal energy from such heat sources, is detailed in Section 
2.2.3. 
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The reversible potential is directly associated with the electrical energy consumed 
by the electrolysis reaction at given conditions. It is the potential which is 
thermodynamically required to split H2O molecules. The reversible potential is a 
function of temperature as well as partial pressures of H-,, HO and O', and is 
determined from the Nernst equation (2.4), where i. represents the universal gas 
constant (8.314 J K-1 mot-'). Equation (2.4) assumes ideal gas behaviour of H2, 
H2O and 02. 
U,. cr = UO +'937 In 
PH, X1O 5[F,, X10-5 ]0.5 
2F PH OX 10-5 
(2.4) 
Note that the first term on the right hand side, the magnitude of the standard 
potential (U°), is equivalent to the reversible potential corresponding to H2, H2O 
and 02 partial pressures of 1 bar (105 Pa) at a given temperature, while the second 
term accounts for the departure of the actual partial pressures from 1 bar. At the 
temperature of 373 K and H2, H-, O and O, partial pressures of 0.05,0.05 and 0.1 
MPa respectively, the reversible potential during steam electrolysis is estimated to 
be around 1.16 V by Equation (2.4). It is apparent from Equation (2.4) that an 
increase in the operating pressure would cause an increase in the reversible 
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elevated pressures on the reversible potential, together with the pressure effects on 
irreversible losses, must be weighed against the possible energy and cost savings 
achieved in producing pressurised H2 directly from electrolysers. The standard 
potential can be expressed in terms of the change in Gibbs free energy (AG °) 
during the reaction as indicated in Equation (2.5). 
u0 AG° 
2F 
(2.5) 
The change in Gibbs free energy is found according to Equation (2.6), using the 
changes in enthalpy (AH°) and entropy (4S 0) during electrolysis calculated 
assuming H2, H2O and 02 partial pressures of 1 bar. The enthalpy and entropy 
values of H2, H, O and 02 at a given temperature can be obtained from 
thermodynamic tables or formula. 
JG° = AH° -TzS° (2.6) 
Using Equation (2.6), the change in Gibbs free energy is displayed as a function 
of temperature in Figure 2.1. Here, the changes in enthalpy and entropy are 
determined following the procedure described in Appendix A. The figure shows a 
linear decrease in the Gibbs free energy change with temperature. At 1373 K, the 
change in Gibbs free energy is less than 75% of that at 373 K. Such a decrease in 
the Gibbs free energy change is reflected as a decrease in the magnitude of the 
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potential down to around 0.86 V highlights the thermodynamic advantage of an 
SOEC at elevated temperatures, capable of decreasing the electrical energy 
consumed by the reaction. As will be explained in Section 2.2.3, such a reduction 
in the electrical energy consumption is compensated by an increased thermal 
energy consumption, providing opportunities to replace some of the electrical 
energy required for the electrolysis by thermal energy. 
Soo 
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Figure 2.1. Change in Gibbs free energy (4G 0) for the steam electrolysis reaction 
as a function of temperature. Partial pressures of H2, H2O and 02 are all assumed 
to be 0.1 MPa. 
2.2.2 Irreversible losses 
During electrolysis, there are inevitable irreversible losses generated within the 
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stack. Such irreversible losses include ohmic voltage drop across the entire stack 
and concentration and activation overpotentials at each electrode (2.7), all 
contributing to losses in the form of heat. 
171(thii = 'lr, hm 
+ 17<nnr, 
cadw, le 
+ t7rn11c, 
mtn, lr 
+ gncl, 
cmhode 
+17a, 
" "mod" 
(2.7) 
Ohmic voltage drop originates from the resistance to the conduction of ions 
through the electrolyte and electrons through the electrodes and interconnect, as 
well as from the contact resistances which exist between cell components. 
Concentration overpotentials are produced if the mass transport of H2O to, and H2 
and O-) from, the active electrode sites is slow and limits the reaction rate. 
Activation overpotentials are related to the electrochemical kinetics of the 
reactions. They are the extra potential necessary to overcome the energy barrier of 
the rate-determining step of the electrode reactions, promoting the charge transfer 
between the gas species and active electrode sites at particular rate. 
Water electrolysis, using alkaline or polymer electrolysers, suffers heavily from 
large activation overpotentials associated with the slow electrochemical kinetics at 
low temperatures. The faster kinetics at higher temperatures, on the other hand, 
allows an SOEC to possess smaller activation overpotentials. Such a kinetic 
advantage of an SOEC is illustrated in Figure 2.2, where typical irreversible losses 
in low and high temperature stacks have been sketched as functions of current 
density. Current density is described as the electrical current passed over a given 
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area. Figure 2.2, therefore, shows the relationship between the rate of electrolysis 
and the electrical potential required, on top of the reversible potential, to drive the 
reaction at such a rate. It is apparent from the figure that an increase in the 
reaction rate, through an increase in current density, results in larger irreversible 
losses, causing both low and high temperature stacks to become less efficient. At 
low current densities, the presence of activation overpotentials gives rise to a non- 
linear increase in irreversible losses, which is more distinct in a low temperature 
stack than in a high temperature stack. At high current densities, an increased 
reaction rate triggers the mass transport of gases to become the limiting factor for 
the electrolysis to proceed. Under such conditions, both low and high temperature 
stacks experience a catastrophic rise in irreversible losses, attributed to the rapid 
increase in concentration overpotentials. The average current density which 
corresponds to such a mass transport limitation is referred to as the limiting 
current density. Finally, a linear increase in ohmic voltage drop dominates the 
irreversible losses between the regions of low and high current densities. 
2.2.3 System integration with external heat sources 
Water/steam electrolysis is an endothermic reaction, consuming electrical as well 
as thermal energy to proceed. Such electrical and thermal energy are expressed as 
the change in Gibbs free energy during the reaction (4G) and the product of 
absolute temperature and the change in entropy (T4S) respectively. Furthermore, 
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Figure 2.2. Typical irreversible losses generated in low and high temperature 
stacks as functions of average current density. 
the sum of the electrical and thermal energy, or the total energy consumed by the 
reaction, corresponds to the change in enthalpy (AH). Note that, in contrast to 
those in Equation (2.6), the changes in Gibbs free energy, entropy and enthalpy 
here must be determined for the actual partial pressures of the gases during the 
reaction, which are not necessarily 1 bar. As presented in Figure 1.1 in Chapter 1, 
although the total energy consumption remains approximately constant, the 
electrical and thermal energy consumption decreases and increases respectively, 
with temperature. 
As explained in Section 2.2.2, large irreversible losses exist in a low temperature 
stack. In alkaline and polymer electrolysers, such significant irreversible losses 
generate the entire thermal energy consumed by the reaction. Although this means 
that a separate heat source for the stack is unnecessary, stack cooling is, in fact, 
Current density 
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generally required to remove excess heat, preventing damage to the cell 
components. Therefore, during low temperature electrolysis, not only the entire 
energy consumed by the reaction but also such an excess heat must be generated 
from expensive electrical energy, resulting in an increased energy cost. During 
steam electrolysis at elevated temperatures, on the other hand, the reduced 
irreversible losses and increased thermal energy consumption present 
opportunities to use thermal energy from external heat sources, essentially 
replacing some of the electrical energy otherwise consumed in the process. Such 
heat sources as nuclear, geothermal and solar thermal reactors may provide the 
thermal energy required, in addition to that generated in the stack via irreversible 
losses. Furthermore, the integration of other high temperature processes could 
take advantage of industrial waste heat recuperation. Overall, the partial 
replacement of electrical energy consumption in an SOEC system by the heat 
from external sources may offer environmental benefit, through reduced 
emissions, as well as economic gain, by the use of thermal energy, which is 
usually less expensive than electrical energy. 
The comparable magnitudes of the thermal energy consumed by the reaction and 
that generated via irreversible losses allow an SOEC stack to function in either of 
three different modes, namely, exothermic, endothermic and thermoneutral 
operation. The mode in which a stack operates depends on conditions such as 
temperature, current density and gas compositions. Exothermic stack operation 
occurs when the heat generated via irreversible losses is larger than the thermal 
energy consumed by the electrolysis reaction, as in alkaline and polymer 
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electrolysers. Such an operating mode is associated with low temperature and high 
current density, giving rise to an increased electrical energy consumption in the 
stack due to large irreversible losses. The excess heat generated in an exothermic 
stack, however, allows the temperature of the outlet gas streams, containing H2 
and 02, to be higher than that of the inlet streams, containing H2O, providing the 
opportunity to bring the inlet streams to the operating temperature entirely 
through the recovery of the heat from the hotter outlet streams. Endothermic stack 
operation occurs when the heat generated via irreversible losses is smaller than the 
thermal energy consumed by the reaction. Such an operating mode, associated 
with high temperature and low current density, is characterised by a lower 
electrical energy consumption. However, the rate of H2 production per unit stack 
area is less than that arising from exothermic operation for given temperature and 
gas compositions, incurring higher investment cost of the stack to support a 
required H2 production rate. Furthermore, it is not possible to bring the inlet 
streams to an endothermic stack up to the operating temperature by heat recovery 
from the outlet streams alone as the temperature of the outlet streams is lower than 
that of the inlet streams. The implication is that a high temperature external heat 
source is needed to supply the thermal energy necessary to elevate the inlet stream 
temperature to the required level. Here, as previously explained, the integration of 
external heat sources allows some of the electrical energy necessary for the 
electrolysis to be replaced by thermal energy, enabling the use of the heat from 
other industrial processes for example. The temperature of such heat sources must 
exceed the inlet temperature to endothermic stack, which perhaps might be in the 
range of 1023 to 1123 K. Thermoneutral stack operation occurs when the heat 
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generated via irreversible losses precisely matches the thermal energy consumed 
by the reaction. During this mode of operation, although the outlet streams carry 
the same amount of thermal energy as the inlet streams, the energy losses 
associated with the heat recovery process mean that a high temperature external 
heat source and corresponding equipment costs would still be necessary, as in 
endothermic operation. The electrical energy consumption of a thermoneutral 
stack is, however, always greater than that of an endothermic stack. Therefore, in 
general, thermoneutral operation is not recommended from an economic 
perspective [2]. SOEC stack operating modes are discussed quantitatively in 
Chapter 3. 
2.3 Status of SOEC development 
An SOEC can be seen in simple terms as the reverse operation of an SOFC, 
allowing the opportunity to apply recent developments in SOFCs to the field. 
Although several differences are expected in the system requirements between an 
SOFC and SOEC, the stack level SOFC materials and designs are often 
appropriate for SOECs. Here, the materials and designs applied to SOEC and 
SOFC are introduced in Sections 2.3.1 and 2.3.2. The current status of the stack 
performance is also illustrated in Section 2.3.3 through published experimental 
results. 
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2.3.1 Cell component materials 
An SOEC consists of a three-layer solid structure (comprising electrolyte, cathode 
and anode) and an interconnect plate. Although the use of proton conductors has 
also been investigated [3-5], YSZ, which is an oxide ion conductor, is generally 
employed as the electrolyte in SOECs. Typical materials for the cathode are nickel 
cermets and those for the anode are perovskite oxides such as lanthanum 
manganite. Although lanthanum chromite is usually employed as the interconnect 
material above around 1173 K, a decrease in the operating temperature to below 
around 1073 K enables the use of metallic interconnects. 
The main function of the electrolyte is to conduct ions between the cathode and 
anode, while segregating the gases on either side of the solid structure. The 
electrolyte material requires satisfactory chemical and dimensional stability; high 
ionic and negligible electronic conductivity; acceptable level of thermal expansion 
compatibility with other cell components; and sufficient density, preventing gases 
from permeating through the electrolyte. 
Such oxide ion conductors as zirconia-based ceramics have often been considered 
for the electrolyte in an SOEC. Although pure zirconia has quite low ionic 
conductivity, the addition of dopants, providing phase stability, enhances the 
conductivity by increasing the oxide ion vacancy concentration, making such 
materials as YSZ suitable as an electrolyte. Figure 2.3 presents the conductivities 
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of several oxide ion conductors, indicating that the conductivities improve with 
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the rise in temperature. Although the figure shows that YSZ ((ZrO2)i_X(Y2O3)X) is 
not the best conductor of oxide ions, it has extensively been employed in SOFCs 
due to its low electronic conductivity and relatively low cost [6]. An yttria 
concentration of 8-10 mol% is reported to provide the highest conductivity of 
YSZ in the temperature range of SOFC operation [7]. Recently, such alternatives 
to YSZ as scandia-stabilised zirconia [8-12] , ceria-based oxides [13,14] and 
lanthanum gallate [15-17] have also attracted interest due to their higher 
conductivities, especially in the intermediate temperature range between around 
873 and 1073 K. 
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Figure 2.3. Conductivity of selected oxide ion conductors as a function of 
temperature [6]. 
The main function of the cathode is to provide sites for the electrochemical 
reduction of H2O. The material requirements include satisfactory chemical, 
Iuýl -, fix- 
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dimensional and morphological stability; high electronic conductivity; acceptable 
level of thermal expansion compatibility with other cell components; sufficient 
catalytic activity; and adequate level of porosity. The electrode porosity is 
required to allow the transport of gases to and from the active electrode sites, 
often referred to as triple phase boundaries (TPBs), where the electrolyte, 
electrode and gas species meet at the interface between the electrolyte and 
electrode. 
Today, the cathode of an SOEC is fabricated almost exclusively from nickel 
cermets in which ceramics such as YSZ are incorporated into a nickel matrix (or 
nickel is incorporated into a YSZ matrix), helping to prevent the sintering of 
nickel particles at high temperatures and providing a thermal expansion 
coefficient acceptably close to that of the electrolyte [18]. The sintering of nickel 
particles can reduce the porosity of the electrode, inhibiting the transport of gases 
to and from the TPB. A significant disparity in the thermal expansion coefficient 
between the cell components results in large induced stresses during the 
fabrication and operation of the stack, triggering the cracking or delamination of 
the components. Although nickel cermets possess no serious issues related to the 
chemical interaction with YSZ electrolytes, an insulating layer may form at the 
interface between the nickel cermet cathode and lanthanum chromite interconnect 
above around 1273 K, giving rise to increased ohmic voltage drop [7]. 
The main function of the anode is to provide sites for the electrochemical 
oxidation of oxide ions. The material requirements are equivalent to those of the 
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cathode. The anode is commonly fabricated from such perovskite oxides as 
lanthanum manganite, which is usually doped with strontium or calcium, 
providing sufficient electronic conductivity for the use as an electrode. Lanthanum 
manganite is reported to achieve the maximum conductivity with a strontium 
content of around 55 mol% or a calcium content of around 50 mol% in the 
temperature range of SOFC operation [7]. Although an increase in temperature 
improves the conductivity, lanthanum manganite reacts with YSZ at higher 
temperatures, forming a resistive phase between the anode and electrolyte [19]. In 
recent years, however, the reduction of the lanthanum component in the anode has 
been demonstrated to be effective in preventing the formation of the layer, 
improving the anode life by more than 250 times [20]. Apart from lanthanum 
manganite, lanthanum cobaltite has been employed as the anode material in 
SOECs [8,21,22]. Although not usually the preferred option from an economic 
perspective, platinum is also known to function as the anode [23]. 
The main function of the interconnect is to provide an electrical connection from 
the cathode of a cell to the anode of an adjacent cell, while segregating the gases 
involved at such electrodes. The materials require satisfactory chemical and 
dimensional stability; high electronic and negligible ionic conductivity; acceptable 
level of thermal expansion compatibility with other cell components; and 
sufficient density, preventing gases from permeating through the interconnect. 
For operating temperatures above around 1173 K, rare earth chromites have been 
used for the interconnect [24]. The use of magnesium-doped lanthanum chromite 
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can be found in the limited number of SOEC performance characterisations 
conducted during early development [25,26]. More recently, however, there has 
been a growing interest in metallic interconnects as an alternative to lanthanum 
chromite in the intermediate temperature range. The use of metals allows 
decreased material and fabrication costs, as well as increased electronic and 
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thermal conductivities [24]. Although the stability of metallic interconnects over 
extended operation still needs to be demonstrated, SOEC stack tests employing 
ferritic stainless steel interconnects can be found in recent publications [9,11,12, 
27]. The use of nickel-based super alloys has also been reported [15]. 
2.3.2 Cell and stack structures 
Many sets of the cell components, described in Section 2.3.1, are generally 
assembled together in one of the several configurations developed for SOECs and 
SOFCs to construct a stack, capable of supporting a substantial H2 production rate. 
The schematics of four common examples of such configurations are shown in 
Figure 2.4. Although the monolithic design was abandoned some years ago, all 
other structures shown in the figure have previously been explored in SOEC 
stacks. 
The initial attempts to develop SOECs were made by applying tubular structures 
both in seal-less [25,26] and segmented-cell-in-series [2,23,28-33] designs. 
Such tubular structures avoid sealing problems, which is a major issue in 
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Figure 2.4. Several cell and stack structures developed for SOECs and SOFCs [7]. 
segregating the produced H2 and O2 in a planar SOEC, particularly over multiple 
thermal cycles. Today, despite such sealing difficulties, the trend in cell and stack 
design is to employ planar structures [9-12,17,27]. The flat-plate design permits 
high packing density and significantly smaller hot volume in the system than that 
allowed by tubular structures [17]. The main motivation behind the use of planar 
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structures is, however, the low manufacturing cost [34]. Planar cells and stacks 
also allows for shorter current path, reducing ohmic voltage drop. 
An SOEC in planar configuration can be categorised as being either electrolyte- 
supported or electrode-supported. The former employs the electrolyte as the 
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support structure and is suitable for high temperature operation in which the, often 
large, ohmic resistance associated with a thick electrolyte can be reduced. In an 
electrode-supported cell, on the other hand, one of the electrodes is the thickest 
part of the solid structure. Such a design has been developed in order to minimise 
ohmic resistances in SOFCs operating at intermediate temperatures and may also 
be applied to intermediate temperature SOECs (IT-SOECs). While the electrolyte 
of about 150 µm was initially used in electrode-supported cells, it can be made as 
thin as 10-15 µm in electrode-supported cells today [35]. 
A planar SOEC can also be distinguished by the relative flow directions of gas 
streams at the cathode and anode. In a co-flow cell, such gas streams flow in the 
same direction, while in a counter-flow cell, they flow in the opposite directions. 
A cross-flow cell involves the gas streams flowing at right-angles to each other as 
illustrated in Figure 2.4. 
2.3.3 Experimental projects and stack performance 
Although research activities in the field of SOECs have been limited, the earliest 
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records of SOEC development dates back to the 1960s when the performance of a 
single tubular cell, as well as that of a stack, was reported by General Electric [33, 
36]. In the following decade, a large project began between Dornier System and 
Lurgi in co-operation with Robert Bosch, aiming at the technical realisation of 
steam electrolysis [1,2,23,28-32,37]. This project ran for some 15 years from 
1975, attracting additional contributions from Badenwerk and Daimler-Benz 
before the operation of a bench-top system, delivering 0.6 normal m3 of H-, per 
hour, was demonstrated towards the end of the 1980s [32]. The performance of 
one of the SOEC stacks employed in such a system is shown in Figure 2.5 [30]. 
Here, the stack, comprising 10 tubular cells connected in a segmented-cell-in- 
series design, was tested at 1270 K. The figure displays the stack potential which 
increases almost linearly with average current density, indicating that the 
activation overpotentials are small at such a high temperature, as explained in 
Section 2.2. At 3700 A m-2 , the average cell potential of 1.33 V (corresponding to 
a stack potential of 13.3 V), equates to the electrical energy consumption of 
around 3.20 kWh per normal m3 of H2, which is lower than that of a water 
electrolysis stack typically available today [38]. Although such a promising stack 
performance was reproduced in the complete bench-top system, composed of 100 
stacks, the optimisation of design and fabrication processes to decrease the 
investment costs, as well as to increase the physical stability of the system over 
extended operation, were mentioned as necessary areas for improvement [32]. 
The late twentieth century provided further developments in tubular SOEC 
research. The performance of an SOFC in an electrolysis mode of operation was 
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Figure 2.5. Potential across an SOEC stack comprising 10 tubular cells, developed 
at Dornier System, as a function of average current density [301. 
investigated by Westinghouse, together with Brookhaven National Laboratory, 
during the 1980s [25,26], and the development of SOEC units for use with heat 
from high temperature nuclear reactors was carried out at the Japan Atomic 
Energy Research Institute from the 1990s to early 2000s [21,22]. 
Currently, under the Nuclear Hydrogen Initiative of the United States government, 
an SOEC project is being led by Idaho National Laboratory in conjunction with 
Ceramatec [9-12,17,27,39-41]. The latest developments in the project include 
the operation of a bench-top system containing two stacks, each comprising 60 
planar cells [27]. The initial performance of such stacks was reported to agree 
with that of a shorter stack composed of 10 electrolyte-supported cells, illustrated 
in Figure 2.6 under 5 different operating conditions [12]. Here, the inlet H7O 
concentration has been increased from sweeps I to 5 with the temperature of 
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sweep 5 being 30 K higher than that of the other sweeps. Even the best 
performance, obtained for sweep 5, involves a stack potential higher than that 
shown in Figure 2.5, mainly due to the reduction of the testing temperature to 
1103 K. Such a decreased temperature, however, allows the reduction in the 
investment costs by the use of metallic interconnects and less expensive balance 
of plant components. 
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Figure 2.6. Potential across an SOEC stack comprising 10 planar cells, developed 
at Idaho National Laboratory, as a function of average current density [12]. 
Today, another planar SOEC project is being performed under European 
Commission's Framework Programme 6, between the European Institute of 
Energy Research, RISO National Laboratory, Swiss Federal Laboratories for 
Materials Testing and Research, and German Aerospace Centre, investigating the 
applicability of SOFC materials and fabrication processes in SOECs [42,43]. 
__ ___ 
5ý 
4 
ý«m tt T ý0 -rr (c) 
1 '(J5 48 5 hit 
7 411 70.4 RIN) 
7 410 R3.9 MI)) 
h41 8'_. 9 800 
8 11] 83.2 2131) 
Q? 5 0.3 0.35 
Furthermore, a tubular SOEC is currently being developed at Toshiba with a 
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possibility of operating such an SOEC using the heat from nuclear reactors [44, 
45]. 
During the experimental projects reported over the past decades, the temperatures 
at which the cells and stacks have been tested have decreased from around 1273 to 
1073 K [12,22,25,30,451. Such a trend is consistent with an increased interest in 
intermediate temperature SOFCs (IT-SOFCs), which typically operate between 
873 and 1073 K, to allow for a wider range of materials, more cost effective 
SOFC fabrication and increased durability [46]. The decreased operating 
temperatures, together with the emergence of planar cells, reflect the importance 
of reducing the SOEC investment costs. 
2.4 Literature review on SOEC modelling 
activities 
A mathematical model is an important design tool for devices such as an SOEC, 
which are still in the development stage. It allows the prediction of the behaviour 
of the device under different process conditions and assists in the optimisation of 
its performance. In particular, such a model is essential in understanding the 
distributed response of an electrolyser, which is often difficult to obtain from 
experiments. However, as is the case in the experimental activities, the 
development of technical SOEC models has been limited so far. 
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The first technical SOEC model was presented in 1997 by Dutta et al. [47]. This 
was a simple heat transfer model used to describe the steady state temperature 
distribution along a tubular cell tested by Westinghouse [25,261. Such a model 
predicted the thermal flux between the cell components and gas streams, arising 
from convection, as well as that within the cell components resulting from 
conduction and radiation effects. However, an electrochemical model, which is 
required in a fully analytical model to predict the thermal flux due to the 
electrolysis reaction, was not included. Instead, the local current density 
distribution obtained from the experimental work was employed to estimate the 
thermal energy consumed by the endothermic reaction. The method used to 
calculate the heat generated via irreversible losses was not presented. Results of 
the simulations indicated that the temperature gradient along the cell could be 
decreased by a reduction in the average current density. 
The development of the first SOEC model which coupled the electrochemical 
mechanisms to the fluid dynamics and heat transfer was reported in 2005 by 
Yildiz and Sofu [48]. Such a model combined an electrochemical model, 
constructed at Argonne National Laboratory, with commercially available 
computational fluid dynamics (CFD) code to simulate the behaviour of an 
electrolyte-supported planar SOEC developed at Idaho National Laboratory [9-12, 
171. The production rates of gas species and thermal energy, estimated by the 
electrochemical model, were employed in the CFD code to perform fluid flow and 
heat transfer analyses. Such analyses established the distributions of gas species 
r 
concentration and temperature in the cell, which were then substituted back into 
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the electrochemical model, predicting the local current density distribution. 
Although no model equations from this work were provided, a similar study, of 
the SOEC constructed at Idaho National Laboratory, can be found. In 2006, 
Hawkes et al. reported the development of a three-dimensional model of such an 
SOEC using a commercially available CFD code [40]. The modelling effort 
involved the modification of an SOFC user-defined subroutine in the CFD code, 
allowing for operation in SOEC mode. Although the conditions used for the CFD 
simulation was specified in significant detail, the description of the 
electrochemical model was not presented. Nevertheless, the mean results from the 
simulations were reported to compare favourably against the experimental data [9, 
40]. 
The researchers at the Idaho National Laboratory have also been involved in 
creating a simple model of an SOEC for the purpose of incorporating it into an 
engineering process model of a H2 production system [41]. This model used the 
gas stream flow rates, compositions and temperatures, which were specified at the 
inlet and estimated at the outlet for a given average current density, to predict the 
average reversible potential. Irreversible losses were calculated from the area 
specific resistance (ASR) determined as a function of temperature using 
experimental data. ASR, measured in S2 m2, can be considered as the overall 
resistance to the reaction, taking into account all the irreversible losses in the cell. 
For an SOEC at a high temperature, and at a current density below the limiting 
current density, ASR may be approximated by the dominant ohmic voltage drop. 
Although the model was reported as one-dimensional, the predictions of the gas 
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stream compositions and temperature were only involved at the inlet and outlet. 
The distributions of gas species concentration, temperature, local current density, 
reversible potential and irreversible losses, therefore, could not be predicted along 
the cell. The comparison with the three-dimensional CFD model [40] has 
indicated that the model described here predicts a higher cell potential. O'Brien et 
al. explained that such a disparity is attributed to the increased accuracy of the 
CFD model, brought by the calculations of the local reversible potential and local 
current density distributions [41]. 
In 2006, the first publication detailing the electrochemical model of an SOEC was 
presented by Ni et al. [49]. Unlike the previous modelling activities, this was a 
zero-dimensional model, predicting the cell potential at one location along a cell 
with specified gas species concentrations, temperature and current density. In the 
model, the Nernst equation, Ohm's law, Fick's model and Butler-Volmer equation 
were employed to determine the reversible potential, ohmic voltage drop, 
concentration overpotentials and activation overpotentials respectively. The 
modelled cell was considered to possess pure O, on the anode side of the solid 
structure. Under such a condition, the anode concentration overpotential was 
assumed negligible due to the lack of O, diffusion in a mixture of gases. Ohmic 
resistances in the electrodes and interconnect were also assumed negligible for the 
calculation of the ohmic voltage drop. The simulated results illustrated a rapid 
increase in the cathode concentration overpotential above 13000 A m-' in an 
electrolyte-supported configuration, signalling the mass transport limitation at 
such a current density. The results also established the dependence of the cell 
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potential on temperature, which showed a slight departure from the experimental 
data. Such a discrepancy was explained by the use of constant exchange current 
densities, used in the Butler-Volmer equation to indicate the rate of forward and 
reverse reactions during equilibrium, which are in fact temperature dependent. 
Ni et al. presented further work focused on mass transport within porous 
electrodes [50,51]. They then developed an improved model of an SOEC in 2007 
[52], introducing the anode concentration overpotential and temperature 
dependent exchange current densities to their original model. Parametric study by 
the new model found that irreversible losses are expected to be larger in a 
cathode-supported cell than in an anode-supported cell, as concentration 
overpotentials tend to be more sensitive to the thickness of the cathode than that 
of the anode. Although the relative cost and mechanical strength of each electrode 
material play an important role in the selection of support electrode, such a 
simulated result would also be taken into account during the design process. The 
simulated results also suggested that an increase in electrode porosity and pore 
size favours the mass transport in electrodes and, therefore, reduces concentration 
overpotentials. 
In 2006, Lovera et al. presented a one-dimensional model of a planar SOEC [53]. 
Such a model employed a linearly approximated Nernst equation and 
experimentally estimated ASR for the prediction of the reversible potential and 
irreversible losses respectively. In spite of these approximations, the simulated 
results were reported to show a reasonable agreement with experimental data, 
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except at high average current densities. The disparity at high current density was 
explained by a non-linear increase in the concentration overpotentials, arising near 
the limiting current density, which could not be accurately accounted by the ASR. 
Hoashi et at. [44] have been involved in the modelling of a tubular SOEC 
developed at Toshiba [45]. Their model, presented in 2006, involved three- 
dimensional simulations of the fluid flow using commercially available CFD code 
and prediction of the electrochemical behaviour through a user-defined SOEC 
subroutine which described the reversible potential, ohmic voltage drop and 
activation overpotentials through the Nernst equation, Ohm's law and Butler- 
Volmer equation respectively. Concentration overpotential was not accounted by 
the electrochemical model as the diffusion of gases in electrodes was solved by 
flow simulations. Although radiative heat transfer between cell components was 
not considered in the model, the simulated results agreed well with the 
experimental data obtained at 1073 K, suggesting that heat transfer through 
radiation is not a dominant factor at such a temperature. 
The literature survey revealed a lack of electrochemical models presented in the 
field of SOEC simulations. Although such a model was described in the works of 
Ni et al. [49,52], an electrochemical model of equivalent detail had never been 
extended to simulate the distributed behaviour of an SOEC. Furthermore, studies 
of the transient response of an SOEC could not be found in the literature, and 
issues related to its control during dynamic operation had never been discussed. In 
an actual electrolyser, however, dynamic operation becomes necessary when 
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intermittent renewable electrical power is supplied as input and/or when a time 
dependent demand for H2 is to be satisfied. Therefore, the development of a 
dynamic model, capable of highlighting the electrochemical behaviour along the 
SOEC in detail, was recognised as a need. As previously mentioned, the 
development of SOECs can take advantage of the recent advances in SOFC 
research. The modification of an existing SOFC model is, therefore, a sensible 
approach to the development of an SOEC model. Although most of the work 
presented in SOFC modelling is for steady state performance, several dynamic 
models have also been found [46,54-60]. 
Ota et al. developed a one-dimensional dynamic model of a tubular SOFC, which 
included an electrochemical model, estimating local current density distribution at 
each location along the tube axis, and a heat transfer model, taking conduction, 
convection and radiation effects into account [56]. The heat conduction inside the 
cell components was assumed negligibly small compared to the heat transfer 
between the cell components and gas flow. Although a flow model was reported to 
predict flow rate and gas compositions, a detailed description was not provided. 
Another one-dimensional dynamic model of a tubular SOFC was presented by 
Xue et al. [57]. Derivations of mass, momentum and energy balance equations 
were described in some detail using a control volume approach. The 
electrochemical model, however, did not involve separate calculations of 
concentration and activation overpotentials. Instead, equivalent electrode 
resistances, taking such irreversible losses into account, were established based on 
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experimental characterisations. 
A zero-dimensional dynamic model of an SOFC was developed by Qi et al. [58]. 
This study focused on mass transport in porous electrodes, simulating the effect of 
dynamic diffusion of gas species. Although it provided significant detail of the 
diffusion phenomenon, such an electrode level model did not predict local current 
density, gas stream compositions and temperature distributions along the cell. 
Aguiar et al. published work on the dynamic modelling of an anode-supported IT- 
SOFC, clearly presenting an electrochemical model, with a high level of detail, as 
well as mass and energy balances [46,59]. The modelled SOFC possessed planar 
and intermediate temperature characteristics, consistent with the recent research 
trends in SOEC development described in Section 2.3. Such a model was 
identified as an appropriate candidate as the basis for the SOEC model developed 
in this work. The SOFC model included the Nernst equation, Ohm's law, Fick's 
model and Butler-Volmer equation, predicting the reversible potential, ohmic 
voltage drop, concentration overpotentials and activation overpotentials 
respectively. A control volume analysis was performed along the SOFC with the 
mass and energy balances, simulating the flow along gas channels and heat 
transfer within the cell. The model described the evolution of gas stream 
compositions in one dimension along the direction of the flow, assuming uniform 
compositions in the other dimensions, perpendicular to the flow. Although such an 
assumption limits the accuracy of the simulated results, as an initial attempt to 
construct a dynamic model of an SOEC, an equivalent one-dimensional model 
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was considered appropriate for maintaining the computational complexity at a 
satisfactory level. The SOFC model considered heat transfer to occur by the 
conduction along the solid cell components, convection between the solid 
components and gas streams, and radiation between separate solid components. 
The modification of an SOFC model into an SOEC model involves several 
changes such as the elimination of internal reforming reactions of hydrocarbon 
fuel and removal of gas species contained in the fuel apart from H2 and H2O. In 
addition, while irreversible losses are subtracted from the reversible potential to 
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establish the outlet electrical power from an SOFC, they must be added to the 
reversible potential to determine the inlet electrical power to an SOEC. 
Furthermore, the mass transport in the SOFC electrodes occurs in opposite 
directions to that in the SOEC electrodes. For example, H2 is diffused into the 
SOFC anode while it diffuses out of the SOEC cathode. TPB concentration of gas 
species, therefore, must be derived for the SOEC electrodes accommodating such 
differences. The construction of an SOEC model through the modification of the 
previously developed SOFC model [46,59] is reported in Chapter 3. 
2.5 Conclusions 
The thermodynamic and kinetic advantages of an SOEC have been explained and 
the concept of replacing some electrical energy, consumed during steam 
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electrolysis, by thermal energy, from external heat sources, has been discussed. 
The status of SOEC development, introduced through cell materials, cell and 
stack designs, and published experimental results, identified the emergence of 
planar SOECs and decrease in operating temperatures as the research trends, 
reflecting the recent efforts to reduce SOEC investment costs. The literature 
review on SOEC modelling activities revealed that there is a lack of 
electrochemical models, pointing out that no detailed electrochemical model had 
been extended to simulate the distributed behaviour of an SOEC. Furthermore, 
neither the transient response of an SOEC nor issues related to its control had 
been discussed. Consequently, the development of a dynamic model, capable of 
highlighting the electrochemical behaviour along an SOEC in detail, was 
recognised as a need. An existing one-dimensional dynamic model of a planar 
anode-supported IT-SOFC has been considered appropriate for the modification 
into an SOEC model, taking advantage of recent advances in SOFC research. The 
development of an equivalent model of an SOEC is presented in Chapter 3. 
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Intermediate temperature solid oxide 
electrolysis cell with pure oxygen 
anode streams: model-based steady 
state stack performance 
3.1 Introduction 
Although the number of simulation studies on steam electrolysis at elevated 
temperatures has increased over recent years [1-15], the mathematical modelling 
of SOEC is still not an active research area. Today, only a limited number of 
modelling attempts, describing the SOEC behaviour can be found [9-19] and, as 
mentioned in Chapter 2, a detailed electrochemical model has never been 
extended into a distributed SOEC model. Here, a previously developed dynamic 
model of an anode-supported planar IT-SOFC stack [20,21] has been modified to 
produce a one-dimensional model for a planar IT-SOEC stack that operates across 
a wide range of temperatures, using a thick film YSZ electrolyte in a cathode- 
supported cell configuration. 
The present chapter reports on the development of a dynamic model of a 
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conceptual IT-SOEC stack produced within the gPROMS modelling environment 
[22]. Results describing the simulated steady state behaviour of such an 
electrolyser are presented and issues related to thermal management of the stack 
are discussed. While the developed model has dynamic capability, only the steady 
state results are analysed here. The contents of this chapter have been published in 
[9]" 
3.2 Mathematical model of IT-SOEC stack 
with pure 02 anode streams 
In an SOEC system, several repeating cells are assembled in stacks to support a 
sufficient rate of H2 production. However, the models of such stacks are usually 
constructed for the smallest unit cell, which is assumed to describe the response of 
the whole stack, subject to the use of adequate boundary conditions. Here, the 
modelled unit cell is considered to be in the centre of a large stack such that end 
effects can be neglected. Although interconnects normally provide the gas flow 
channels, above and below the solid structure, the effect of individual passages is 
neglected. The pressure drop along the gas channels is also assumed to be 
negligible at the operating pressure of 0.1 MPa, and for the flow rates considered. 
For the purpose of developing the model, the unit cell is considered to be 
composed of four components, the cathode and anode gas streams, solid structure 
and interconnect. Figure 3.1 shows the schematic view of such a unit cell. The 
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model consists of an electrochemical model, mass balance for the cathode streams, 
and energy balances for the cathode and anode streams, solid structure and 
interconnect. The properties of the gas species, solid structure and interconnect are 
assumed to be uniform along the stack, down the x-axis, in order to achieve a 
more computationally tractable model. This simplification has been assessed in 
equivalent studies of IT-SOFC stacks in which the stack model employing the 
uniform flow properties, determined at the stack inlet, and that employing the 
variable flow properties have been compared [23]. The study showed that the 
simplification is justified except at a high average current density. At a current 
density of 7000 A m'`, the outputs from the two models have shown differences of 
around 10 K for the stack outlet temperature and around 0.1 V for the cell 
potential. For the IT-SOEC stack model here, the gas properties are averaged over 
the entire stack length, rather than using those determined at the stack inlet, to 
minimise the errors involved in using the uniform properties even at such an 
average current density. Finally, ideal gas behaviour is assumed for the cathode 
and anode streams. 
3.2.1 Electrochemical model 
An electrochemical model is used to relate such variables as gas species 
concentrations, cell component temperatures and average current density to the 
electrical potential across the unit cell, which can then be used to calculate the 
electrical energy consumption of the stack. The electrical potential is taken as 
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Figure 3.1. Schematic view of a planar IT-SOEC stack with pure 02 anode 
streams. 
being uniform along the cell as the electrodes are assumed to be good electronic 
conductors [24], and thus it is not a local quantity. As shown in Equation (3.1), the 
cell potential corresponds to the sum of the reversible potential and all the 
irreversible losses that occur as the electrical current is passed across the stack. 
Such irreversible losses include ohmic voltage drop, concentration overpotentials 
and activation overpotentials, which are all partly responsible for the heat 
produced within the stack. In general, irreversible losses are dominated at high 
current densities by concentration overpotentials and at low current densities by 
activation overpotentials, as described in Chapter 2. 
U =U`"' 
(x) +, 7ah (x)+r7<anc. c'alhodr(x) +i rnM . unnde (x) + qun. "rdinclr(x) +q ucl unn, le(x) 
(3.1) 
91 
Chapter 3 
IT-SOEC with pure 02 anode streams: model-based steady state stack performance 
The reversible potential is determined through the Nernst equation, which predicts 
the minimum electrical potential required to split H2O at a particular location 
along the stack with a specific temperature and gas concentrations. Equation (3.2) 
has been derived assuming ideal gas behaviour. The solid structure temperature is 
applied in the Nernst equation as the reactions take place at the TPBs where the 
electrolyte, porous electrode and gas species meet at the interfaces between the 
electrolyte and the electrodes. U° represents the standard potential with its 
magnitude corresponding to the reversible potential calculated at unity activity. It 
is determined, in Appendix A, as a function of the Gibbs free energy change 
involved in the reaction, taking the partial pressures of Hz, H2O and O-, to be at 
standard pressure. 
U"' (x) = U0(x) + 
T(x) 
In 
CH, (x)[Po, X10-s]° 
(3.2) 
Ohmic voltage drop originates from the resistance to the conduction of ions 
through the electrolyte and electrons through the electrodes and interconnect, as 
well as from the contact resistances which exist between cell components. Ohmic 
voltage drop is linearly proportional to the current density and can be determined 
through Ohm's law as shown in Equation (3.3), where j and Rohl represent the 
local current density and local cell resistance respectively. The local cell resistance 
is calculated using the conductivity data of each layer of the solid structure. In 
Equation (3.4), cross plane charge flow and series connection of resistances have 
been assumed [20]. As the resistance across the cell is dominated by the resistance 
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through the electrolyte and electrodes, the resistance through the interconnect and 
the contact resistances are considered negligible. The conductivity of the 
electrodes are assumed uniform along the x-axis while that of the electrolyte is 
estimated as a function of local temperature [25]. 
t1/(x) = J(x)Rn,,, (x) (3.3) 
Rx Vrudmde +V 
dernoh7e 
+ 
Vanode 
6c'ud, 
nde 
6('/e(1n, /( ' 
ý'x) 6mrnde 
Concentration overpotentials occur if mass transport of the gas species involved in 
the reaction becomes the limiting factor. When current is flowing across the stack, 
reactant H2O is consumed and product H, and Oz are formed at the TPBs. If the 
fluxes of the reactant to, and the products away from, the TPBs are slower than 
that corresponding to the discharged electrical current, concentration gradients for 
the species develop in the porous electrode. The concentration overpotentials are 
the result of such concentration gradients causing the actual reversible potential at 
the TPBs, shown in Equation (3.5), to deviate from the reversible potential 
predicted by the Nernst equation (3.2) using bulk concentrations in the cathode 
and anode streams. High current densities and high steam utilisation factors can 
contribute in creating significant concentration overpotentials. 
TPB Tyli 0.5 
U, ci. TPU(x)U°(x)+! 
1ýTti. (x)In CH1 (x)ý 01 X 
10 --5 ] 
(3.5) 
2F CTPI(x ) H, Q 
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(x) _ 
99Ts (x) 
In 
CHT, ' (x)CH, u (x) + 
!R Ts (x) In 
PýNrs 
(3.6) 
2F Cx 4F P H, (x)c' 1110 ()U, 
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The difference between Equations (3.2) and (3.5) corresponds to the concentration 
overpotential (3.6) where the first and second terms on the right hand side 
represent the concentration overpotential at the cathode and anode respectively. 
The cathode concentration overpotential is presented separately in Equation (3.7) 
while the anode concentration overpotential is not considered here, assuming the 
difference between the 02 pressure at the TPB and that in the bulk stream to be 
negligible. Equations (3.8) and (3.9) show the TPB concentrations, determined for 
equimolar counter-current one-dimensional diffusion of H2 and H2O. Dgjcatiioje 
represents the average effective diffusivity coefficient in the cathode, considering 
a binary gas mixture of H2 and H2O. A method for expressing the mass diffusion 
activities in an SOFC [26,27] has been adopted for the SOEC in deriving 
Equations (3.8) and (3.9). The derivation of H2 and H-, O TPB concentrations is 
provided in Appendix B. 
9 Ts (x) CH_B (. x)CH( 
In 
) 
(x) 
'lcnnr, rulhnd(x) 
= 
TPB 
(3.7) 
ý, (x) 2F CH (X)CH 
C ; 
"' (x) = CH, (x) + D,, 
lhýýýl" J (x) (3.8) 
Tl'B dwde CH, O(x) = CH, Q(x) - J(x) (3.9) 2FD, 11 t1de 
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Activation overpotentials are related to the electrochemical kinetics of the 
94 
reactions. They are classically determined through the Butler-Volmer equation. 
For the cathode activation overpotential, the extended form of the Butler-Volmer 
equation is applied in Equation (3.10) to account for the differences in the gas 
concentrations at the TPB and in the bulk stream. For the anode activation 
overpotential (3.11), the simplified form is used, as the difference between the O, 
concentration at TPB and that in the bulk stream has been assumed negligible. 
Although reactions are generally rapid and activation overpotentials tend to be 
small at high temperatures, they can become the most significant form of 
irreversible losses as the operating temperature is reduced. 
CH r; (x) 2(1- a)F CH, 1" (x) -2aF J(x) = Jo.,,,, i, a-(x) C (x) exp H, ýRT. (x) S Cx 
eXp 
H, O 
() JCT. ,,,,, o1, 
(x) 
S 
(x) 
11 
(3.10) 
xp 
2(1- a)F 
n, aný 
(x) - exp JT- 
25 
(xaF) 17, a, ,,,,,,, n- 
(x) (3.11) J(x) = j (x) 
[e 
JETS(x) 
a (usually taken to be 0.5), jo. cuthode and jo,.,,, ode represent the transfer coefficient 
and the exchange current density for the cathode and anode respectively. 
Electrode exchange current densities are expressed in Equation (3.12) as a 
function of the pre-exponential factor and activation energy. Here, it was assumed 
that in an SOEC, the forward and backward reactions at each electrode as well as 
the electrode materials are the reverse of those in an SOFC. Hence the values used 
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for kü, Ide and Ec,,,,, de in previous 
IT-SOFC studies [20] have been substituted into 
kcatlwde and Ec,,, hode in the IT-SOEC model. The same assumption is used when 
assigning the values to the IT-SOEC anode kinetic parameters. The parameters 
employed for the IT-SOEC stack simulations are shown in Table 3.1. 
(x) = 
fTS (x) 
exp - 
E`"1`'`" 
°`l` , electrode E 
{cathode, anode} 
. 
ýQrlecn-utlc' 
2F elerirndc' fflTs (x) 
(3.12) 
Table 3.1. Pre-exponential factor and activation energy for the exchange current 
density [20]. 
k, 1, (1 
654x 109 S2"' m' 
k 
,,,,, 
235x109 Q-1 M-2 
E. 140x103 J mol- 
E<,,, 
(/, 
137x103 J mol-' 
3.2.2 Mass balance 
The composition of the cathode stream evolves along the stack as the H2/H2O 
mixture moves towards the outlet. Such a composition change is tracked in the 
model using the cathode stream mass balance (3.13) and the boundary conditions 
96 
Chapter 3 
IT-SOEC with pure Oz anode streams: model-based steady state stack performance 
at the stack inlet (3.14), predicting the H2 and H2O concentrations at each location 
along the channel. Equation (3.13) assumes plug flow in the cathode channel for a 
very low Reynolds number of only around 100. R represents the rate of reaction, 
which is related to the local current density through Faraday's law (3.15), 
assuming a current efficiency of 100%. As for the anode channels, it is assumed 
that any 02 produced flows naturally out of the channels and thus there is no 
forced gas movement as on the cathode side. Therefore, the developed model does 
not consider an anode mass balance. Instead, the anode streams are modelled as a 
flow of pure O2 at constant pressure along the stack. The cathode and anode 
stream velocities are assumed uniform along the stack and determined from the 
outlet flow rate of the streams. 
a 
[C; (x)]=-ucýx[C; (x)]+1 v; R(x), iE{H2, H20} (3.13) 
c 
C; (0)=C°, iE{H2, H20} (3.14) 
R(x) _ 
(x) 
(3.15) 
3.2.3 Energy balances 
Equations (3.16)-(3.23) are used in predicting the temperatures of the cathode and 
anode streams, solid structure and interconnect. In Equations (3.16) and (3.18), 
the first term on the right hand side relates to the energy carried in the gas streams 
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as they flow along the channels. The energy balances consider the thermal fluxes 
between the gas streams and the solid parts of the cells to be fully described by 
convection. The convective heat transfer coefficients for the cathode and anode 
streams (kc and kA) are calculated using Equation (3.24), assuming constant 
Nusselt number and hydraulic diameter (3.25). In the cathode streams, kc is 
assumed equivalent for both the convective heat transfer over the solid structure 
and interconnect surfaces. The same assumption is applied to kA in the anode 
streams. The thermal fluxes along the solid parts of the unit cell are modelled 
using Fourier's law of heat conduction while radiative heat exchange is taken into 
account between the solid structure and interconnect. The entire enthalpy change 
of the reaction is assumed to occur in the solid structure. 
a 
[Tc (x)] = -uc 
a 
[Tc (x)] + 
kc 
[TS (x) - T(, (X)] -+ at ax pcC, chc 
kc 
[T, (x) -Tc(x)] 
Pccj), chc 
(3.16) 
T, (0) = T( 
a 
[Ta(x)] = -u 
a 
[TA(X)]+ 
kA 
ITS(X) 
-TA(x)]+ 
ar ax PACI)AhA 
(3.17) 
kA LTi (x) -TA(X) 
(3.18) 
TS (0)+T, (0) 
T4 (0) = 2 
(3.19) 
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z 
[Ts (x)] _ 
PSCk`P. shs 
[TS (x) -Ta(x)] - at 
(x)] 
P5Ck>>4. shs 
[Ts (x) -T, 
psACsýý, s ax 
z 
[T,. (x)] - 
-2a 
[T, (x)4 -T, (x)4] +1 [-AH(x)R(x)+j(x)UI 
PsC. shs 
yc 
,+I -1 Psci", slis 
(3.20) 
x[TS(o)]=Q, 
[TS(L)]=o (3.21) 
a2 
IT, (x)] _z [T, (x)] - 
k`ý 
[T, (x) -Tc (x)] - 
k'ý 
IT, (x) -T, 4 (x)] at p1C1,. 1 ax P1C1,. lh, o C,,, h, 
2 
[a[TS(X 4 
-Tj(x)4] 
I1 PI 
1,, 1 1 ES 
iE- 
x 
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3.3 Simulation results and discussion 
The system of partial differential and algebraic equations (3.1)-(3.4) and (3.7)- 
(3.25) presented in the previous sections is solved via the finite difference method 
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using gPROMS Model Builder 2.3.5 [22]. The model input parameters and the 
operating conditions applied for the steady state simulations are introduced in 
Section 3.3.1. Section 3.3.2 discusses the effects of current density and 
temperature on the cell potential while Section 3.3.3 presents the simulated results 
of the one-dimensional model. 
3.3.1 Input parameters and inlet operating conditions 
In addition to the input parameters such as cell geometry, material properties and 
inlet stream conditions, the IT-SOEC stack model described in Section 3.2 
involves two degrees of freedom. Here, average current density and steam 
utilisation factor are adopted as the user-defined parameters from which the inlet 
molar flux of steam is determined. The average current density is directly 
proportional to the H2 production rate while the steam utilisation factor is the 
fraction of total inlet steam consumed by the reaction. Although a low steam 
utilisation factor is preferred from the stack efficiency point of view, a reduction 
in the steam utilisation factor results in an increased cathode stream flow rate for a 
given Hz production rate. In the system design, the selection of the steam 
utilisation factor must take into account the efficiency of the entire system as well 
as the added investment cost involved in accommodating the increased cathode 
stream flow rate. It is also important for the steam utilisation factor to be low 
enough to avoid a significant increase in the cathode concentration overpotential 
caused by steam starvation near the stack outlet. Here, a value of 80% is chosen. 
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Table 3.2 presents the model input parameters selected for the steady state 
simulations including the cell geometry, material properties, cathode stream inlet 
temperature and compositions, operating pressure and steam utilisation factor. 
Due to the oxidising environment that pure steam would create at elevated 
temperatures, such a gas composition is not recommended for the cathode streams 
in an SOEC. Instead, conceptual system designs may consider the recirculation of 
some of the product H2 which is mixed with the steam at the inlet to ensure 
reducing conditions [28-30]. Here, 10 mol% H2 in the cathode inlet streams is 
assumed sufficient [30]. Note that the model assumes the cell with a total length 
of 0.4 m, comprising of four individual parts connected in series, each with a 
dimension of 0.1 in x 0.1 m. As mentioned in Chapter 2, an SOEC can be seen in 
simple terms as the reverse operation of an SOFC, and stack level SOFC materials 
and designs are often appropriate in SOECs. Here, the cell geometry and material 
properties are therefore based on the values employed in a previously developed 
IT-SOFC model [20]. 
Table 3.2. Model input parameters and operating conditions [20]. 
Cathode channel height, he 0.001 in 
Anode channel height, hq 0.001 m 
Solid structure thickness, h, 570x10-6 m 
Interconnect thickness, h, 500x 10-6 m 
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Cell length, L 0.4 m 
Cell width, W 0.1 m 
Cathode thickness, 500x 10-6 m 
III 
Electrolyte thickness, 20x10-6 m 
Anode thickness, ön, , 
50x 10-6 m 
Cathode electric conductivity, 80x101 Q-i M-1 
Electrolyte ionic conductivity, 6,,,.... 33.4x103exp(-10.3x103iT, ) S2-1 m-1 
Anode electric conductivity, 8.4x103 ff I m-1 
Cathode average effective diffusivity, D11(//, /(, 36.6x10-6 m-2 s-I 
Solid structure emissivity, Es 0.8 
Interconnect emissivity, E, 0.1 
i Solid structure heat capacity, C1, , 500 J kg' K-1 
Interconnect heat capacity, C,, 500 J kg-' K-' 
Solid structure thermal conductivity, ),. 2J m-' s-' K-' 
Interconnect thermal conductivity, 7L, 25 J m-' s-' K-' 
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Solid structure density, p, 5900 kg m-3 
Interconnect density, p1 8000 kg m-3 
Cathode stream Nusselt number, Nu, 3.09 
Anode stream Nusselt number, NuA 3.09 
Transfer coefficient, a 0.5 
Cathode stream inlet temperature, To 1023 K 
Cathode stream inlet composition 10 mol% H2/90 mol% H2O 
I Anode stream composition 100 mol% 02 
Operating pressure 0.1x106 Pa 
Steam utilisation factor 80% 
3.3.2 Effects of operating conditions on cell potential 
The selection of operating conditions for an SOEC can significantly influence the 
irreversible losses, altering the cell potential required for the electrolysis. Such 
effects are illustrated in Figures 3.2 and 3.3, showing the cell potential as a 
function of current density and temperature respectively. Note that these curves do 
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not result from the full IT-SOEC model described in Section 3.2. Instead, Figures 
3.2 and 3.3 are produced using only the electrochemical model in Section 3.2.1, 
taking the cathode and anode stream compositions to be equivalent to those at the 
stack inlet. 
1.4 
1.3 
1.2- 
1.0- 
0.9 
0.8 
0 2000 4000 6000 8000 10000 
Current density (A M-2 ) 
Figure 3.2. Reversible potential and irreversible losses as a function of average 
current density for a stack temperature of 1023 K. Stream compositions are taken 
to be equivalent to those presented in Table 3.2 for the stack inlet. 
Figure 3.2 shows the predicted cell potential at a stack temperature of 1023 K, 
displaying the contributions of the reversible potential and each form of 
irreversible losses. As can be seen, all the irreversible losses increase with the 
average current density for the range of analysis. At 8000 A m-2, the cell potential 
is around 1.28 V with the anode activation overpotential of around 0.18 V being 
the largest form of irreversible loss, which is followed by the ohmic voltage drop 
Anode act 
Cathode act 
Cathode conc 
Ohmic 
1 
- Reversible potential 
and cathode activation overpotential of around 0.11 V and 0.09 V respectively. In 
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Figure 3.3. Reversible potential and irreversible losses as a function of 
temperature for an average current density of 5000 A m-2. Stream compositions 
are taken to be equivalent to those presented in Table 3.2 for the stack inlet. 
spite of the cathode-supported nature of the cells, the cathode concentration 
overpotential contributes less than 0.02 V to the cell potential at 8000 Am2 . 
While the ohmic voltage drop shows linear increase with the current density, the 
activation overpotentials follow non-linear paths. Although a decreased current 
density allows the reduction in the cell potential and consequent decrease in 
electrical energy consumption, a low current density also results in a low H2 
production rate per unit stack area. Therefore, the selection of the average current 
density must consider both the operating cost associated with the electrical energy 
consumption and the investment cost involved in manufacturing stacks with 
sufficient area in supporting the required H2 production rate at a given average 
current density. 
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Another operating condition to be selected in the design of an SOEC is the 
operating temperature. The reversible potential and irreversible losses are 
illustrated as a function of temperature in Figure 3.3. Except for the cathode 
concentration overpotential, which remains approximately constant, all the 
irreversible losses decrease with temperature. Between 973 and 1073 K, the cell 
potential is decreased significantly from around 1.36 to 1.03 V, with the combined 
irreversible losses being reduced by more than 60%. As expected from the 
thermodynamics, the reversible potential given by the Nernst equation also 
decreases with temperature. The selection of the operating temperature must again 
consider the operating cost associated with the electrical energy consumed by the 
stack. Furthermore, it must account for the investment cost involved in creating 
both a stack with the required thermal stability as well as the whole system that 
needs to operate at that specified temperature. If the use of external heat sources is 
considered, the temperature of such a heat source would also become an important 
factor. 
3.3.3 Steady state performance of IT-SOEC stack with 
pure 02 anode streams 
This section presents the results obtained through the steady state simulation of 
the full IT-SOEC model described in Section 3.2. Distributions of the temperature, 
reversible potential, irreversible losses and local current density are illustrated for 
locations along the stack. Different operating modes of an SOEC are explained 
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and the issues associated with the thermal management of the stack are discussed. 
All simulations are performed using the input parameters and operating conditions 
presented in Table 3.2 unless otherwise mentioned. 
Figure 3.4 shows the temperature distribution along the cathode streams for the 
stack operated at average current densities of 7000,5000 and 5380 A m`. Note 
that the cathode stream temperature changes rapidly after the stack entry, reaching 
the temperature of other cell components within a very short distance of the inlet. 
As can be seen in Figure 3.4, the temperature gradient depends significantly on 
the average current density. While the heat accumulation causes the stack 
temperature to increase towards the outlet for the 7000 A m-2 case, the temperature 
decreases along the stack at 5000 A m'. Such a dependence of the stack 
temperature distribution on the average current density, or the H2 production rate, 
thus calls for a strict temperature control for the stack. 
The effect of the average current density on the stack temperature distribution can 
be explained by considering the thermal energy consumed, per mole of H2, by the 
endothermic electrolysis reaction (TdS) and that produced by the irreversible 
losses (2Fgl,,,, 1), which are illustrated in Figure 3.5 as a function of current density 
at 1023 K. Note that these results are produced using only the electrochemical 
model in Section 3.2.1. The cathode stream composition, averaged over the stack 
length, is taken as 46 mol% H2/54 mol% H-, O, and applied here together with the 
anode stream composition of 100 mol% O-). At 7000 A m-2 , the thermal energy 
generated by the irreversible losses exceeds that consumed by the reaction. Such a 
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Figure 3.4. Cathode stream temperature along the stack for average current 
densities of 7000,5000 and 5380 A m-2 . 
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condition corresponds to an exothermic stack operation in which the temperature 
is increased as the reaction proceeds along the stack. At 5000 A m"2 , on the other 
hand, the irreversible losses are not sufficient to provide the entire thermal energy 
consumed by the reaction. This situation corresponds to an endothermic stack 
operation in which the stack temperature is decreased towards the outlet. The 
curves intersect at around 5500 A m"2, where the thermal energy consumed by the 
reaction is equivalent to that produced by the irreversible losses. Here, the stack 
operates in a thermoneutral mode in which the entire enthalpy change in the 
electrolysis is precisely matched by the electrical energy input to the stack. Stack 
temperature distribution during thermoneutral operation is shown in Figure 3.4 for 
a stack driven at 5380 A m-'. 
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Figure 3.5. Thermal energy consumed, per mole of H2, by the reaction (TAS) and 
that produced by the irreversible losses (2Fq, ((l) as a function of current density 
for a stack temperature of 1023 K. Cathode and anode stream compositions are 
taken as 46 mol% H2/54 mol% H2O and 100 mol% O, respectively. 
In the view of energy efficiency and operating cost, an SOEC stack should 
preferably be driven in an endothermic mode, allowing the opportunity to use heat 
from external processes to partly replace the electrical energy consumption of the 
stack. However, as previously mentioned, the operation of the stack at lower 
current densities requires a larger stack area to support a given H2 production rate, 
involving higher investment cost. The use of heat from external sources also 
involves extra investment costs in engineering the transfer of such thermal energy. 
One point to note at this stage is that the curves on Figure 3.5 correspond only to 
the stack operation under specified temperature and stream compositions. In an 
actual SOEC, these variables as well as the local current densities change along 
TAS 
2Fg7 iý. rý, I 
0 2000 4000 6000 8000 10000 
the stack. Therefore, imposing an endothermic condition, for example, at the inlet 
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would not necessarily ensure that the entire stack operates under the same mode. 
As previously mentioned, the dependence of the stack temperature distribution on 
the average current density poses some challenges in terms of stack temperature 
control. Although the operating point of an SOEC stack is not expected to change 
dramatically if using grid or nuclear electrical power as the input, such is not the 
case if the input power varies significantly with time. Dynamic operation of the 
stack becomes necessary also if an SOEC is required to satisfy a time dependent 
demand for H-,. It is thus essential to have an appropriate temperature control 
strategy in place. The implementation of an effective control strategy should avoid 
significant thermal excursions in the stack, preventing the fracture of the cell 
components. One possible solution in achieving the control requirements would 
be to modify the SOEC design such that one more degree of freedom is available 
to control the stack temperature. As can be seen in [21], in the case of SOFCs, the 
stack temperature is often controlled by varying the air flow through the cells. 
Such a strategy may potentially be applied in the case of an SOEC where the 
introduction of the air flow through the anode channels could sweep the by- 
product Oz out of the channels as well as controlling the stack temperature. The 
air flow would, however, cause the anode stream compositions to change and its 
effect needs to be quantified. A different SOEC concept with the aim of 
addressing the issue of temperature control is the focus of Chapter 4. 
Figures 3.6 and 3.7 show the contributions of the reversible potential and 
irreversible losses on the cell potential at average current densities of 7000 and 
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5000 A m2 respectively. Figures 3.6 and 3.7 correspond to the operation of stack 
under exothermic and endothermic modes respectively. In both cases, the 
activation overpotentials dominate the irreversible losses while the concentration 
overpotentials remain insignificant throughout the stack. As previously indicted in 
Figure 3.4, temperature increases along the exothermic stack operated at an 
average current density of 7000 A m-2 . Under such a temperature 
distribution, the 
thermodynamics predict a decrease in the reversible potential towards the outlet. 
Figure 3.6, however, displays an increased reversible potential caused by the 
change in the cathode stream compositions along the stack. The similarity 
between the reversible potential distributions in Figures 3.6 and 3.7, in spite of the 
different temperature distributions observed for the exothermic and endothermic 
stacks, suggests that the reversible potential is more strongly coupled with the 
stream compositions than with the stack temperature in the range of the analysis 
here. Both Figures 3.6 and 3.7 also show the overall reduction in the irreversible 
losses along the stack. Although a negative temperature gradient is observed in 
Figure 3.4 for the stack with an average current density of 5000 A m-2 , the ohmic 
voltage drop and activation overpotentials are predicted to decrease towards the 
outlet in Figure 3.7. This is due to the rapid reduction in the local current density, 
acting to reduce the irreversible losses along the stack. The local current density 
distributions for the exothermic and endothermic stacks with average current 
densities of 7000 and 5000 A m-2 , respectively, are presented 
in Figure 3.8. 
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Figure 3.6. Reversible potential and irreversible losses along the stack for an 
average current density of 7000 Am2. 
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Figure 3.7. Reversible potential and irreversible losses along the stack for an 
average current density of 5000 A m"2. 
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Figure 3.8. Local current density along the stack for average current densities of 
7000 and 5000 A m'. 
The steady state simulations of the full IT-SOEC stack model predict cell 
potentials of around 1.30 and 1.28 V for the stacks operated at 7000 and 5000 A 
M-2 respectively. For exothermic stacks in which the outlet stream temperature is 
above the inlet temperature, it may be possible to bring the inlet streams up to the 
required temperature entirely by the heat recovered from the outlet streams. With 
such a system concept, electricity would be the only source of energy required by 
the stacks. The predicted 1.30 V equates to an electricity consumption of around 
3.1 kWh per normal m3 of H2 for the exothermic stack. This is significantly lower 
than 4.2 kWh per normal m3 of H-,, which is the electricity consumption of a water 
electrolysis stack typically available today [31]. Note that neither value includes 
parasitic energy consumption within the system resulting from such balance of 
plant components as compressors and electronic devices. 
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A one-dimensional dynamic model of a cathode-supported planar IT-SOEC stack 
has been presented. The model has been employed to study electrochemical 
behaviour of the IT-SOEC stack at various current densities and temperatures, and 
its steady state performance. The analysis of the electrochemical behaviour alone 
has shown that, for the case where the cathode and anode inlet stream 
compositions are 10 mol% H2/90 mol% H2O and 100 mol% O-, respectively, both 
a decrease in current density and an increase in the stack temperature result in a 
reduction of the combined irreversible losses and thus a decrease in the cell 
potential. Activation overpotentials were observed to provide the largest 
contributions to the irreversible losses while the concentration overpotentials 
remained insignificant throughout, in spite of the electrode-supported nature of 
the cells. The steady state performance analysis of the stack has shown that for an 
average current density of 7000 A M-2 and a cathode inlet stream temperature of 
1023 K, the predicted cell potential is around 1.30 V, which corresponds to an 
electricity consumption of around 3.1 kWh per normal m3 of H2. This is 
significantly lower than that of a water electrolysis stack typically available today. 
However, the dependence of the stack temperature distribution on the average 
current density calls for a strict temperature control, especially during dynamic 
operation. An alternative stack concept to accommodate such a temperature 
control is introduced in Chapter 4. 
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A one-dimensional dynamic model of a cathode-supported planar IT-SOEC stack 
with pure 02 anode streams has been presented in Chapter 3. The steady state 
simulation of the model predicted an electricity consumption significantly less 
than that of a water electrolysis stack typically available today. However, the 
dependence of the stack temperature distribution on the average current density 
suggested that there is a need for strict temperature control if such a stack is to be 
successfully built and used, especially in dynamic operation. To prevent the 
fracture of delicate stack components during dynamic operation, significant 
thermal excursions in the stack need to be avoided by the implementation of an 
effective control strategy. One possible solution to achieving the control 
requirements would be to modify the SOEC design such that one more degree of 
freedom is available to control the stack temperature. As can be seen in [1], the 
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temperature of SOFC stack is often controlled by varying the air flow through the 
cells. Such a strategy may potentially be applied in the case of an SOEC stack 
where the introduction of air to the anode gas channels would, in addition to 
controlling the stack temperature, sweep the by-product 02 out of the channels. 
Although the dilution of the O-, by the air would reduce revenues generated 
through the sale of pure O-,, it would also reduce the risk of high temperature 
corrosion, which might otherwise be caused by the exposure of metallic stack and 
balance of plant components to such a highly oxidising atmosphere at elevated 
temperatures [2]. The change in the anode stream compositions would also 
influence the thermodynamics of steam electrolysis and its effect needs to be 
quantified. However, as mentioned in Chapter 2, the issue of temperature control 
within an SOEC stack has not been the focus of any published work. Here, a 
dynamic model of a cathode-supported planar IT-SOEC stack, presented in 
Chapter 3, has been modified to introduce air flow as a method of controlling 
stack temperature. Important changes implemented to the previously developed 
model are described in Section 4.2. 
The present chapter reports on the development of a dynamic model of a 
conceptual IT-SOEC stack with the air flow introduced through the cells, 
produced within the gPROMS modelling environment [3]. The prospect of 
controlling temperature transitions, caused by the time dependent supply of input 
electrical energy to, or demand for H2 from, the IT-SOEC, is investigated using 
the simulated steady state behaviour of such an electrolyser. While the developed 
model has dynamic capability, only the steady state results are analysed here. The 
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contents of this chapter have been published in [4]. 
4.2 Mathematical model of IT-SOEC stack 
with air-fed anode channels 
Similarly to the model of the IT-SOEC stack with pure 02 anode streams 
presented in Chapter 3, the model of the IT-SOEC stack with air-fed anode 
channels has been constructed for the smallest unit cell, which is assumed to 
describe the response of the whole stack, subject to the use of adequate boundary 
conditions. As shown in Figure 4.1, such a unit cell is again considered to be 
composed of four components, the cathode and anode gas streams, solid structure 
and interconnect. Note, however, that the inlet for the anode streams is unsealed 
here to allow the air to be introduced to the flow channels. The model consists of 
an electrochemical model, mass balances for both the cathode and anode streams, 
and energy balances for the cathode and anode streams, solid structure and 
interconnect. The same assumptions as those described in Chapter 3 for the model 
of IT-SOEC stack with pure O, anode streams have been made unless otherwise 
stated. 
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Figure 4.1. Schematic view of a planar IT-SOEC stack with air-fed anode 
channels. 
4.2.1 Anode concentration overpotential 
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Concentration overpotentials occur as mass transport of the gas species involved 
in the reaction becomes increasingly rate limiting. In the model of an IT-SOEC 
with pure 07 anode streams, whilst cathode concentration overpotential was 
included, anode concentration overpotential was not taken into account, on the 
basis that the difference between the O, concentration at the TPB and that in the 
bulk streams was assumed negligible. However, when air is introduced through 
the anode channels, such an assumption no longer necessarily applies and it 
becomes important to include the anode concentration overpotential in the model. 
Equation (4.1) describes the anode concentration overpotential for the IT-SOEC 
stack with air-fed anode channels. Note that the temperature of the gas mixture at 
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the TPB is represented by the solid structure temperature. The 02 concentration at 
the TPB is determined for one-dimensional self-diffusion of O, in Equation (4.2). 
D, lf, mode represents the average effective diffusivity coefficient in the anode, which 
is taken as 13.7x10-6 m2 s-1, considering a binary gas mixture of 02 and N2 [5]. A 
method for expressing the mass diffusion activities in an SOFC [6,7] has been 
adopted for the SOEC in deriving Equation (4.2). The derivation of 02 TPB 
concentration is provided in Appendix B. 
91 T. (x) C; `, '`t (x)T. (x) 
ýl<,,,, ,,,,,,, ý 
(x) - 4F 
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Coy, (x)T4(x) 
(4.1) 
C TIIB (x) = CO, (x) + CN (x) - CNz (x) exp 
- (4.2) 
4FD-ýr,, 
ý, ý-LCD,, 
(x) + CN, (x)1 
4.2.2 Anode activation overpotential 
Activation overpotentials are related to the electrochemical kinetics of the 
reactions. They are classically determined through the Butler-Volmer equation. In 
the model of an IT-SOEC stack with pure 02 anode streams, as the difference 
between the 02 concentration at the TPB and that in the bulk stream was assumed 
negligible, the simplified form of the Butler-Volmer equation was applied in 
predicting the anode activation overpotential. Here, the simplified form has been 
replaced by the extended form (4.3) to account for the difference in the Oz 
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concentration created between the TPB and bulk stream by the introduction of the 
air flow through the anode channels. 
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4.2.3 Anode stream mass balance 
Although a mass balance can track the changes in the stream composition, this 
was not applied to the anode streams in the model of IT-SOEC stack with pure O" 
anode streams, as the streams of pure O2 would involve no such changes along the 
stack. Therefore, for the IT-SOEC stack with air-fed anode channels, an anode 
stream mass balance must be introduced in the model because the compositions of 
the anode streams evolve as the mixture of Oz and N2 travels towards the outlet. 
Here, the anode stream mass balance (4.4) and the boundary conditions at the inlet 
(4.5) predict the 02 and Nz concentrations at each location along the stack. The 
anode stream velocity is assumed uniform along the stack and determined from 
the outlet flow rate of the streams. 
a 
[C; (x)]=-u4 [C, (x)]+1 v, R(x), iE{02, N2} (4.4) 
at üx a 
C; (0)=C, -°5 iE{02, 
N2} (4.5) 
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4.2.4 Air ratio 
The air ratio reflects the inlet flow rate of air in relation to the rate of reaction. It is 
here defined as the ratio between the moles of 02 contained in the inlet air flow to 
that produced in the unit cell, per unit time. In spite of the slightly different 
physical definition, the mathematical description of the air ratio, provided in 
Equation (4.6) for an SOEC, is equivalent to that of an SOFC [5]. As will be 
discussed in the following sections, it would be possible to provide the 
temperature control for an SOEC stack through the manipulation of the air ratio. 
Assuming that a minimum of 50 mol% N2 in the anode streams at the stack outlet 
is required to limit the corrosion of metallic components, the lower bound for the 
air ratio can be selected to be as small as 0.4. The upper bound is assumed to be 
14, namely the maximum air flow rate which can be supplied without incurring 
significant additional energy costs [1]. Note that for a high air ratio, the anode 
stream velocity is dominated by the large flow rate of the inlet air. Under such 
conditions, the increase in the anode stream mass along the stack, which results 
from the accumulation of the product 02, has negligible influence over the stream 
velocity. However as the air ratio is lowered and the flow rate of the inlet air is 
consequently reduced, such a rising stream mass becomes increasingly important 
in accelerating the stream towards the outlet. It is, therefore, important to point out 
that any inaccuracies incurred in assuming a uniform anode stream velocity in the 
present model can become progressively larger as the air ratio is reduced. 
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4.3 Simulation results and discussion 
(4.6) 
With the inclusion of Equations (4.1), (4.2) and (4.4)-(4.6) into the model of IT- 
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SOEC stack with pure 02 anode streams and the replacement of the simplified 
Butler-Volmer equation for the anode activation overpotential by the extended 
form (4.3), the system of partial differential and algebraic equations for the model 
of an IT-SOEC stack with air-fed anode channels is solved via the finite difference 
method using gPROMS Model Builder 3.0.3 [3]. The cathode and anode inlet 
compositions are assumed to be 10 mol% H2/90 mol% H2O and 21 mol% 02/79 
mol% N2, respectively. The steam utilisation factor is selected to be 80%. The 
stack geometry and material properties are found in Chapter 3. Section 4.3.1 
introduces the steady state performance of the IT-SOEC stack with air-fed anode 
channels, comparing the reversible potential and irreversible losses to those of the 
IT-SOEC stack with pure Oz anode streams. The proposed temperature control 
strategy through the manipulation of the air ratio is explored in Section 4.3.2 in 
which the stack temperature distributions are presented for different values of the 
air ratio. Section 4.3.3 discusses the links between such temperature distributions 
and the local current density along the stack. 
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4.3.1 Steady state performance of IT-SOEC stack with 
air-fed anode channels 
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Figures 4.2 and 4.3 present the contributions of the reversible potential and 
irreversible losses on the cell potential for the IT-SOEC stack with air-fed anode 
channels at average current densities of 7000 and 5000 A m', representing 
exothermic and endothermic operation respectively. In both cases, the inlet 
temperature of the anode streams is set equivalent to that of the cathode streams at 
1023 K, to prevent significant temperature gradient across the solid structure, and 
the air ratio has been fixed at 7. Note that the inlet temperature corresponds to the 
lowest temperature along the exothermic stack and highest temperature along the 
endothermic stack. The introduction of the air flow at such a temperature, 
therefore, results in convective heat transfer between the cell components and air 
flow, providing cooling and heating to the exothermic and endothermic stacks 
respectively. Furthermore, the introduction of the air flow causes a decrease in the 
02 partial pressure in the anode channels, creating a difference between the O, 
concentration at the TPB and that in the bulk streams. Although this is accounted 
for in the prediction of the anode concentration overpotential by Equation (4.1), 
both Figures 4.2 and 4.3 indicate that such an irreversible loss is negligible for the 
conditions employed. As was the case in the IT-SOEC stack with pure O2 anode 
streams, the activation overpotentials are the predominant source of the 
irreversible losses. 
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Figure 4.2. Reversible potential and irreversible losses along the stack for an 
average current density of 7000 A m'`, an inlet temperature of 1023 K and an air 
ratio of 7. 
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Figure 4.3. Reversible potential and irreversible losses along the stack for an 
average current density of 5000 Am2, an inlet temperature of 1023 K and an air 
ratio of 7. 
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In Figure 4.2, the reversible potential for the exothermic operation of the IT-SOEC 
stack with air-fed anode channels is predicted to be around 0.027 V lower than 
that reported in Chapter 3 for the IT-SOEC stack with pure 02 anode streams 
under the same conditions. As illustrated by the Nernst equation, such a reduction 
in the reversible potential is a consequence of the decrease in the Oz partial 
pressure in the anode channels. Although the reduced stack temperature, which 
results from the convective cooling supplied by the air flow, tends to increase the 
reversible potential, such an effect is overwhelmed by the influence of the O, 
partial pressure change here. The steady state simulations suggest that the 
introduction of the air flow, at the air ratio of 7, reduces the average stack 
temperature from 1038 to 1027 K and the average 02 partial pressure from 0.10 to 
0.02 MPa. By only accounting for the stack temperature change in the Nernst 
equation, such a temperature reduction alone is expected to increase the average 
reversible potential by around 0.005 V. On the other hand, the decrease in the 
average reversible potential which would result only from the effect of the 02 
partial pressure reduction is estimated to be as much as 0.034 V. The impact of the 
reduced 02 partial pressure is therefore approximated to be 7 times that of the 
reduced stack temperature for the conditions employed. However, in spite of the 
decreased reversible potential, the cell potential shown in Figure 4.2 is almost 
equivalent to that of the IT-SOEC stack with pure O, anode streams. This is due to 
the compensating increase in the ohmic voltage drop and activation overpotentials, 
of around 0.034 V on average along the stack, caused by the fall in the stack 
temperature. 
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Similarly to Figure 4.2, Figure 4.3 shows the reversible potential for the IT-SOEC 
stack with air-fed anode channels to be lower than that reported in Chapter 3 for 
the IT-SOEC stack with pure O2 anode streams during endothermic operation. 
However, noticeable differences in the irreversible losses are not observed here 
because the temperature of the endothermic stack has not been altered 
significantly by the introduction of the air flow. As will be explained in Section 
4.3.2, the reduction in the Oz partial pressure, associated with the dilution of the 
anode streams by the air flow, increases the thermal energy consumed by the 
electrolysis reaction per mole of product H2. Such an increased thermal energy 
consumption results in the increased amount of heat removed from the stack and 
has an effect of decreasing the stack temperature. Although this effect 
complements the convective cooling supplied by the air flow during exothermic 
operation, it competes against the convective heating during endothermic 
operation. Therefore, the temperature of the endothermic stack is not altered to the 
same extent as that of the exothermic stack by the introduction of the air flow. 
4.3.2 Stack temperature control through air ratio 
manipulation 
The temperature distribution along the IT-SOEC stack with air-fed anode channels 
operated at average current densities of 7000 and 5000 A m-' are respectively 
illustrated in Figures 4.4 and 4.5. The air ratio is varied between 0.4 and 14 while 
the inlet temperature is maintained at 1023 K. As can be seen from both figures, 
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the increase in the air ratio causes the stack temperature to become more 
uniformly distributed, approaching the temperature of the inlet streams. Such a 
stack behaviour suggests that the increase in the air ratio provides enhanced 
cooling for the stack during exothermic operation, and enhanced heating during 
endothermic operation, via the increase in the convective heat transfer between 
the cell components and air flow. As detailed in Chapter 3, an increase in average 
current density causes the irreversible losses to increase. During exothermic 
operation, the consequent rise in stack temperature may be counteracted by 
increasing the air ratio. Conversely, if the average current density is reduced 
during exothermic operation, the fall in stack temperature may be avoided by 
decreasing the air ratio. During endothermic operation, on the other hand, the rise 
in the stack temperature associated with the increased average current density may 
be balanced by a decrease in the air ratio, and the fall in the stack temperature 
corresponding to a reduction in the average current density may be compensated 
by an increased air ratio. 
In spite of such a concept for the temperature control, closer observation of 
Figures 4.4 and 4.5 reveals that, even at the outlet, the change in the air ratio is 
capable of varying the stack temperature by only around 13 K for the exothermic 
operation, and less than 7K for the endothermic operation. Here, the weak 
dependence of the stack temperature on the air ratio is explained by the fact that 
the sets of operating conditions used in producing these results are close to 
thermoneutral operation. As illustrated later in this section, if a stack is instead 
operated at highly exothermic or endothermic conditions, the magnitude of the 
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Figure 4.4. Cathode stream temperature along the stack for an average current 
density of 7000 A M-2 , an inlet temperature of 1023 
K and air ratios of 0.4,7 and 
14. 
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Figure 4.5. Cathode stream temperature along the stack for an average current 
density of 5000 A m-2, an inlet temperature of 1023 K and air ratios of 0.4,7 and 
14. 
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temperature gradient would be large along the stack and considerable temperature 
difference would exist between the inlet air and rest of the stack. Under such 
conditions, a significant transfer of heat between the cell components and air flow 
would occur, and the regulation of such a heat transfer, by the changes in the air 
flow rate, should result in a satisfactory temperature control. On the other hand, if 
a stack is operated close to the thermoneutral point, the magnitude of the 
temperature gradient would be small and the temperature of the inlet air flow 
would be similar to that of the rest of the stack. As a consequence, only a modest 
transfer of heat between the cell components and air flow would occur. The 
regulation of such a minor heat transfer, by the changes in the air flow rate, is not 
expected to create a significant influence over the stack temperature. Therefore 
the air ratio manipulation is not considered to provide a satisfactory temperature 
control for the conditions presented in Figures 4.4 and 4.5. 
Furthermore, if a stack is operated close to the thermoneutral point, there is an 
increased risk of encountering the transition between exothermic and endothermic 
operation even with the aid of the control strategy. For the conditions presented in 
Figures 4.4 and 4.5, the decrease in the average current density from 7000 to 5000 
A m-2 would result in the stack switching from exothermic to endothermic mode. 
The selection of the operating conditions such that the stack is driven in more 
exothermic or endothermic conditions would prevent such transitions, avoiding 
the necessary changes in the system configuration. 
In addition to the changes in the system configuration required, the transition 
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between the exothermic and endothermic mode of operation would cause 
undesirable effects from control perspective as the air ratio manipulation has 
opposite effects in exothermic and endothermic stacks. To illustrate this, consider 
an abrupt drop in the average current density during exothermic operation. As the 
stack temperature decreases, the control device would reduce the air ratio in an 
attempt to maintain the stack temperature. If such a control response is not fast 
enough, however, the stack temperature would continue to fall until endothermic 
operation is reached. Once in endothermic operation, the decreasing air ratio acts 
to further reduce the stack temperature. Therefore, the control device would now 
need to increase the air ratio instead in order to raise the stack temperature back to 
the initial value. However, as the stack temperature rises and exothermic operation 
is reached once again, the increasing air ratio begins to cause the stack 
temperature to decrease. Such an oscillating stack temperature might continue 
indefinitely, creating thermal stresses in the stack and preventing the stack 
temperature from returning to its initial value. 
In addition to the convective transfer of heat, the change in the air flow has 
another effect on the stack temperature through the change in 02 partial pressure. 
The thermodynamics indicate that, assuming ideal gas behaviour of H2, H2O and 
02, the enthalpy change involved during the electrolysis reaction is independent of 
the partial pressure of the gases [8]. This implies that the total energy consumed 
by the reaction, per mole of product H2, is not altered by the fall in the O2 partial 
pressure caused by the dilution of the anode streams by the air flow. In contrast, 
the electrical energy consumed by the reaction, per mole of product H2, is 
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decreased by the fall in the 02 partial pressure. This is evident in Section 4.3.1 
where the introduction of the air flow to the anode channels caused the reduction 
in the reversible potential which is directly proportional to the electrical energy 
consumed by the reaction. During electrolysis, such a decrease in the electrical 
energy consumption is compensated by an increase in the thermal energy 
consumption, estimated in Figure 4.6 as a function of air ratio. The figure has 
been produced using only the electrochemical model, predicting the stack 
behaviour at one location along the stack which is assumed to be at 1023 K. The 
cathode stream composition, averaged over the entire stack length, is taken as 46 
mol% H2154 mol% H2O. The average anode stream compositions are determined 
for each air ratio value. In the figure, the thermal energy consumed by the reaction 
increases from around 66.9 to 68.6 kJ moll of H2 between the air ratios of 0.4 and 
4 while a significantly smaller rise is observed above the air ratio of 4. This is 
because the reduction in the 02 partial pressure involved when the air ratio is 
increased, for example from I to 2, is considerably larger than that involved when 
the air ratio is increased from 7 to 8. During exothermic operation, the increase in 
the thermal energy consumption, associated with the rise in the air ratio, 
complements the enhanced convective cooling supplied by the increased air flow. 
During endothermic operation, on the other hand, the increased thermal energy 
consumption competes against the enhanced convective heating. This is consistent 
with the exothermic and endothermic stack temperature distributions presented in 
Figures 4.4 and 4.5, respectively, in which a greater change in the stack 
temperature is observed for the exothermic stack than for the endothermic stack 
between the air ratios of 0.4 and 7. 
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Figure 4.6. Thermal energy consumed by the reaction, per mole of product H2, as 
a function of the air ratio at 1023 K. The cathode stream compositions are taken as 
46 mol% H2/54 mol% HBO. 
Figure 4.7 presents the electrical energy consumed by an exothermic and 
endothermic stack operated at average current densities of 7000 and 5000 A m-2 
respectively, as a function of the air ratio. From the previous discussion, the 
electrical energy consumed by the reaction at a given temperature is expected to 
decrease with an increasing air ratio. However, the entire electrical energy 
consumed by the stack, here operating in exothermic mode, is predicted to 
increase. This is due to the increase in the irreversible losses, associated with the 
decreased stack temperature, which prevails over the decrease in the reversible 
potential. For the endothermic stack, on the other hand, both the reversible 
potential and irreversible losses decrease with an increasing air ratio. The overall 
reduction in the electrical energy consumption of the endothermic stack, shown in 
the figure, indicates that the electrical efficiency of the stack is improved at higher 
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air ratios. During the selection of the operating conditions, however, such 
advantages accruing from the increased air ratio must be offset against extra 
energy required to generate the increased air flow rate. 
254 
252 
250 
248 
E 246 
I 244 
242 
w 
240 
7000Am2 
5000 Am` 
02468 10 12 14 
Air ratio 
Figure 4.7. Electrical energy consumed by the stack, per mole of product H2, as a 
function of the air ratio, for average current densities of 7000 and 5000 A m-', and 
an inlet temperature of 1023 K. 
As previously mentioned, SOEC stacks are not expected to maintain an effective 
temperature control when operated near thermoneutral conditions. The cathode 
and anode stream inlet temperature for which the stack operates in the 
thermoneutral mode is presented in Figure 4.8, as a function of the average 
current density. The figure is produced by introducing to the model an additional 
constraint by which the sum of all the enthalpy changes involved in the 
electrolysis reaction along the stack is matched by the electrical energy consumed 
by the stack. That is to say that the supplied electrical power not only provides the 
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electrical energy necessary for the electrolysis but also allows the generation, 
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through the irreversible losses, of the precise quantity of the thermal energy 
required for the reaction. Note that the curve in Figure 4.8 represents the stack 
operation where thermoneutral conditions are met at every location along the 
stack and not the situation in which the thermoneutral conditions are only satisfied 
at the inlet by the local values of the current density, temperature and stream 
compositions. Furthermore, as both the thermal energy consumed by the 
electrolysis reaction and the heat produced by the irreversible losses depend on 
the stream compositions, the thermoneutral conditions predicted here for the IT- 
SOEC stack with air-fed anode channels would be different to those expected for 
the IT-SOEC stack with pure 02 anode streams. 
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Figure 4.8. Cathode and anode stream inlet temperature corresponding to the 
thermoneutral stack operation as a function of the average current density. The air 
ratio is fixed at 7. 
139 
Chapter 4 
IT-SOEC with air-fed anode channels: control strategy for stack temperature 
The regions below and above the curve in Figure 4.8 correspond to the conditions 
for exothermic and endothermic operations respectively. For average current 
densities of 7000 and 5000 A m-2 , an 
inlet temperature of 1023 K results in the 
stack operating near the thermoneutral point. However, by adjusting the inlet 
temperature for the 7000 A M-2 case to 923 K and that for the 5000 A M-2 case to 
1123 K, the stack can be driven at more exothermic or endothermic conditions 
respectively. The cathode stream temperature distributions along such exothermic 
and endothermic stacks are presented in Figures 4.9 and 4.10 respectively. The 
shift away from the thermoneutral point is evident in both figures with an 
increased temperature difference between the inlet and outlet. For an air ratio of 7, 
such a temperature difference is as large as 88 K during exothermic operation and 
63 K during endothermic operation. The consequent increase in the influence of 
the air ratio on the stack temperature is also observed, with the outlet temperature 
ranging by more than 120 and 90 K in Figures 4.9 and 4. tO respectively. The 
manipulation of the air ratio is considered to provide an effective means of 
temperature control under these conditions. The dynamic response of the 
exothermic and endothermic stacks operated under these conditions is 
investigated in Chapter 5. 
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Figure 4.9. Cathode stream temperature along the stack for an average current 
density of 7000 A m-2 , an 
inlet temperature of 923 K and air ratios of 0.4,7 and 14. 
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Figure 4.10. Cathode stream temperature along the stack for an average current 
density of 5000 A m-2 , an 
inlet temperature of 1123 K and air ratios of 0.4,7 and 
14. 
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4.3.3 Relationship between stack temperature and local 
current density 
Figures 4.11 and 4.12 show the local current density distributions for the IT-SOEC 
stack with air-fed anode channels operated at average current densities of 7000 
and 5000 A m' respectively. The air ratio is varied between 0.4 and 14 while the 
inlet temperature is maintained at 1023 K. In both figures, the curve displays little 
dependence on the air ratio and decreases in value towards the outlet. Generally 
along an SOEC stack, low local current densities are observed where increased 
voltage requirements exist. Those are the locations with higher Hz and O, partial 
pressure, lower H2O partial pressure, and reduced temperature. Therefore, as H2 
and 02 are generated and H2O is consumed along the stack, the resulting change 
in the stream compositions tends to decrease the local current density towards the 
outlet. Furthermore, the positive temperature gradient along an exothermic stack, 
and the negative temperature gradient along an endothermic stack, respectively act 
to increase and decrease the local current density towards the outlet. During 
exothermic operation, the effects of the changing stream compositions and the 
positive temperature gradient compete against one another. Here, the decrease in 
the local current density along the stack in Figure 4.11 indicates that the effect of 
the changing stream compositions prevails. This is consistent with the small 
temperature gradient observed in Figure 4.4, which is not expected to significantly 
influence the local current density distributions. For endothermic operation in 
Figure 4.12, the changes in stream compositions and the negative temperature 
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gradient both contribute to decreasing the local current density along the stack. 
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Figure 4.11. Local current density along the stack for an average current density 
of 7000 A m-I, an inlet temperature of 1023 K and air ratios of 0.4,7 and 14. 
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Figure 4.12. Local current density along the stack for an average current density 
of 5000 A m', an inlet temperature of 1023 K and air ratios of 0.4,7 and 14. 
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The local current density distribution for the IT-SOEC stack with air-fed anode 
channels operated at an average current density of 7000 A in 2 and an inlet stream 
temperature of 923 K is presented in Figure 4.13, and that for the IT-SOEC stack 
with air-fed anode channels operated at an average current density of 5000 A m' 
and an inlet stream temperature of 1123 K is illustrated in Figure 4.14. In Figure 
4.13, the increase in the local current density along the exothermic stack indicates 
that the effect of the changing stream compositions is overwhelmed by the effect 
of the temperature gradient. Here, the local current density distribution is 
significantly influenced by the large temperature gradient shown in Figure 4.9. 
For the endothermic stack, the changing stream compositions and negative 
temperature gradient again both contribute to a decrease in the local current 
density towards the outlet as shown in Figure 4.14. The increased dependence of 
the local current density distribution on the air ratio in Figures 4.13 and 4.14 is a 
consequence of the enhanced impact of the air ratio on the stack temperature 
gradient, evident in Figures 4.9 and 4.10. 
As the current density is directly related to the reaction rate through Faraday's law, 
assuming a current efficiency of 100%, the positive local current density gradient 
in Figure 4.13 corresponds to an increase in the H2 production rate along the stack. 
During exothermic operation, such an accelerated reaction acts to increase the rate 
of the temperature rise towards the outlet. Although there are other factors which 
also influence the temperature distribution along the stack, this increase in the 
reaction rate contributes to creating the temperature distribution to concave 
upwards in Figure 4.9. Such an effect is more pronounced for operation with a 
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Figure 4.13. Local current density along the stack for an average current density 
of 7000 A m-2, an inlet temperature of 923 K and air ratios of 0.4,7 and 14. 
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Figure 4.14. Local current density along the stack for an average current density 
of 5000 Am2, an inlet temperature of 1123 K and air ratios of 0.4,7 and 14. 
low air ratio where the stack temperature is not dominated by the convective heat 
transfer between the cell components and air flow. For endothermic operation, on 
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the other hand, the negative local current density gradient in Figure 4.14 and the 
associated reduction in the reaction rate along the stack tend to decrease the rate 
of the temperature fall towards the outlet. Such an effect is observed in Figure 
4.10 as the stack temperature distributions, which also concave upwards. 
4.4 Conclusions 
A one-dimensional dynamic model of a cathode-supported planar IT-SOEC stack 
with the air flow introduced through the cells has been presented. The model has 
been employed to study the steady state behaviour of such an SOEC stack and the 
prospect for stack temperature control through variation of the air flow rate. 
Steady state performance analysis has shown that the dilution of the product O-, by 
the air in the anode channels causes a reduction in the reversible potential. 
Activation overpotentials were predicted to provide the largest contribution to the 
irreversible losses while concentration overpotentials remained insignificant 
throughout, in spite of the electrode-supported nature of the cells. Evaluation of 
the control strategy showed that an increase in the air flow rate provides enhanced 
cooling and heating during the exothermic and endothermic stack operation 
respectively, prompting the temperature to become more uniformly distributed 
along the stack. However, only a small dependence of the temperature on the air 
flow rate was observed for a stack driven at conditions near thermoneutral 
operation. This stack behaviour, together with the increased risk associated with 
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such operating points in encountering the transitions between the exothermic and 
endothermic operation, indicates that thermoneutral operating mode should be 
avoided from a control perspective. To further analyse the control strategy, the 
dynamic response of the stack is presented in Chapter 5. 
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channels: model-based dynamic stack 
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5.1 Introduction 
The prospect of controlling the temperature of an SOEC stack through the change 
in the air flow rate has been discussed in Chapter 4 using the results from a model 
of an IT-SOEC stack with air flow introduced through the cells. The simulations 
found that the increase in the air flow rate provides enhanced cooling and heating 
for the stack during exothermic and endothermic operation respectively. Such a 
change in the convective heat transfer between the cell components and air flow is 
expected to allow the control of the stack temperature. However, only a small 
dependence of the temperature on the air flow rate was observed for a stack driven 
at conditions near thermoneutral operation, indicating that this operating mode 
should be avoided from a control perspective. To further investigate the capability 
of such a control strategy to maintain exothermic and endothermic stacks at 
satisfactory operating conditions, dynamic simulations of the stack should be 
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performed. The transient response of temperature distribution and cell potential 
would provide useful information on the rate at which the stack responds to the 
changes in the operating point, as well as on how rapidly the control strategy 
might overcome such transitions to avoid stack failure. However, as mentioned in 
Chapter 2, no such studies on the dynamic behaviour of an SOEC can be found in 
the literature. 
The present chapter focuses on the transient response of a conceptual IT-SOEC 
stack. A model of an IT-SOEC stack with air-fed anode channels, previously 
developed in Chapter 4, has been employed to predict the stack response during 
step changes in the average current density caused by the time dependent supply 
of electrical energy to or demand for H2 from the IT-SOEC. Simulations are 
performed with fixed and variable air flow rates to estimate the stack behaviour 
without and with the implementation of the temperature control respectively. The 
potential of the control strategy to prevent such issues as fracture of the cell 
components, caused by the temperature fluctuations during dynamic operation of 
the stack is discussed. The contents of this chapter have been published in [1]. 
5.2 Mathematical model of IT-SOEC stack 
with air-fed anode channels 
The model of an IT-SOEC stack with air-fed anode channels, developed in 
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Chapter 4, has been employed to produce the simulated dynamic results in the 
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present chapter. Descriptions of such a model are given in Chapter 4. Readers are 
reminded that the regulation of air flow rate is carried out via the manipulation of 
the air ratio which reflects the inlet flow rate of air in relation to the rate of 
reaction. 
5.3 Simulation results and discussion 
The system of partial differential and algebraic equations for the model of an IT- 
SOEC stack with air-fed anode channels is solved via the finite difference method 
using gPROMS Model Builder 3.0.3[2]. Similarly to the simulations presented in 
Chapter 4, the cathode and anode inlet compositions are assumed to be 10 mol% 
H2/90 mol% HO and 21 mol% 02/79 mol% N2, respectively. The steam 
utilisation factor is selected to be 80%. The stack geometry and material 
properties can be found in Chapter 3. Section 5.3.1 defines the initial steady state 
condition of the exothermic and endothermic stacks, presenting the cell potential 
and explaining the temperature distribution of individual cell components. The 
step changes in the average current density are imposed to such initial steady 
states to explore the transient response of the stack temperature and cell potential 
during the exothermic and endothermic operation in Sections 5.3.2 and 5.3.3 
respectively. Such dynamic results are presented for operation with fixed and 
variable air ratios to evaluate the effectiveness of the temperature control strategy 
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described in the previous sections. 
5.3.1 Initial steady states 
Before dynamic simulations of the IT-SOEC stack are performed, the initial 
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steady state conditions must be defined. Some important model input parameters 
and initial conditions, employed for the simulations of exothermic and 
endothermic stacks, to which step changes in the average current density are 
imposed, are respectively shown in Tables 5.1 and 5.2. The initial values of the air 
ratio have been selected to achieve a cathode stream outlet temperature of 1023 K, 
creating a temperature difference of 100 K between the inlet and outlet in both 
stacks. A temperature gradient of this scale is expected to result in a significant 
convective heat transfer between the cell components and air flow. From the 
results presented in Chapter 4, the regulation of such heat transfer, by the changes 
in the air ratio, is predicted to provide an effective control of the stack temperature. 
The rest of the model input parameters selected for the simulations can be found 
in Chapter 3 
Figures 5.1 and 5.2 present the contributions of the reversible potential and 
irreversible losses on the cell potential along the exothermic and endothermic 
stacks in the initial steady states respectively. In general, the activation 
overpotentials are observed to be the predominant source of irreversible losses, 
while the concentration overpotentials are found negligible. The cell potential of 
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Table 5.1. Important model input parameters and initial conditions for the 
exothermic stack. 
Average current density 
Air ratio 
7000 A m'` 
5.26 
Inlet temperature of the cathode and anode streams 923 K 
Table 5.2. Important model input parameters and initial conditions for the 
endothermic stack. 
Average current density 
Air ratio 
5000Am` 
2.59 
Inlet temperature of the cathode and anode streams 1123 K 
around 1.52 V, observed in Figure 5.1 for the exothermic stack, is significantly 
larger than the value reported in Chapter 4 for the stack with an inlet temperature 
of 1023 K. Such an increase is attributed to the rise in both the reversible potential 
and irreversible losses caused by the reduced stack temperature. Conversely in 
Figure 5.2, the inlet temperature of 1123 K for the endothermic stack results in the 
cell potential of around 1.14 V, significantly lower than that previously reported 
For the stack with an inlet temperature of 1023 K. 
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Figure 5.1. Reversible potential and irreversible losses along the exothermic stack 
in the initial steady state. 
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Figure 5.2. Reversible potential and irreversible losses along the endothermic 
stack in the initial steady state. 
The local current density distributions along the exothermic and endothermic 
stacks in the initial steady states are shown in Figure 5.3. While a positive local 
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current density gradient is generally observed for the exothermic stack, the local 
current density decreases along the endothermic stack. Assuming a current 
efficiency of 100%, the local current density is directly proportional to the 
reaction rate. Therefore, the rise in the local current density towards the outlet of 
the exothermic stack indicates an increase in the reaction rate. Such an accelerated 
reaction, together with the increased H2 partial pressure and the decreased H2O 
partial pressure, is responsible for the rise in the cathode concentration 
overpotential near the stack outlet, shown in Figure 5.1. For the endothermic stack, 
the large local current density close to the inlet results in the increased cathode 
concentration overpotential at such a location, as observed in Figure 5.2, in spite 
of the low H2 and high H-, O partial pressures. 
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Figure 5.3. Local current density along the exothermic and endothermic stacks in 
the initial steady states. 
The temperature distributions along the exothermic and endothermic stacks in the 
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initial steady states are presented in Figures 5.4 and 5.5 respectively. In Figure 5.4, 
the solid structure possesses the highest temperature at all locations along the 
stack as a result of the excess heat generated via irreversible losses while the 
anode streams have the lowest temperature due to the presence of the air, 
providing cooling for the stack as it enters the anode channels at 923 K. The 
cathode stream temperature is found to rise rapidly near the stack inlet through the 
thermal interactions with the solid structure and interconnect. It is predicted to 
exceed the interconnect temperature within a short distance of the inlet. In Figure 
5.5, the temperature distribution of the endothermic stack shows an opposite trend 
to that of the exothermic stack. Here, the anode streams maintain the highest 
temperature along the stack owing to the heating provided by the air entering the 
stack at 1123 K. The thermal energy consumed by the reaction, which exceeds the 
heat generated via irreversible losses, results in the solid structure possessing the 
lowest temperature. The cathode stream temperature is observed to fall rapidly to 
the level below the interconnect temperature within a short distance of the inlet. 
5.3.2 Dynamic behaviour of IT-SOEC stack during 
exothermic operation 
Figures 5.6-5.10 present the transient response of the exothermic stack when step 
changes in the average current density from 7000 to 5000,6000,8000 and 9000 A 
M-2 are imposed on the initial steady state defined in Section 5.3.1. Such step 
results are presented for the simulations in which the stack temperature is left 
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Figure 5.4. Cathode and anode streams, solid structure and interconnect 
temperatures along the exothermic stack in the initial steady state. 
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Figure 5.5. Cathode and anode streams, solid structure and interconnect 
temperatures along the endothermic stack in the initial steady state. 
changes have been selected to illustrate the stack behaviour under both the 
negative and positive disturbances to the input electrical power. The dynamic 
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uncontrolled, as well as for those in which an attempt has been made to provide 
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some temperature control. In the former, the air ratio has been maintained constant, 
while in the latter, it has been adjusted to imitate the action of an arbitrary 
controller. The transient response of the air ratio resulting from such a controller 
action is shown in Figure 5.6. Here, the controller is assumed to progressively 
bring the air ratio to its final steady state value over 100 s after the step changes in 
the average current density at the time of 0 s. The air ratio at the final steady state, 
which allows the cathode stream outlet temperature to return to its initial value, 
has been determined prior to the simulations. Note that the controller action is 
purposely selected to be rather slow here such that its effects on the stack 
temperature and cell potential would clearly appear in Figures 5.8 and 5.10 
respectively. 
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Figure 5.6. Changes in the air ratio, which have been applied to the exothermic 
stack to imitate the action of an arbitrary controller during step changes in the 
average current density from 7000 to 5000,6000,8000 and 9000 A m'. 
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Figure 5.7 shows the transient response of the cathode stream outlet temperature 
during step changes in the average current density imposed without air ratio 
manipulation. The stack temperature is monitored at the outlet as the greatest 
temperature transition is expected to occur at such a location. In the figure, a rapid 
fall in the outlet temperature is observed immediately after the negative step 
changes from 7000 to 5000 A m-` and that from 7000 to 6000 A m'. As detailed in 
Chapter 3, the decrease in the average current density causes a decrease in the heat 
generated via irreversible losses, reducing the stack temperature. Conversely, a 
rapid rise in the outlet temperature follows the positive step changes from 7000 to 
8000 A m-2, and that from 7000 to 9000 A m-2, due to the increase in the heat 
generated via irreversible losses. The minimum outlet temperature of around 998 
K is reached following the step decrease in the average current density to 5000 A 
M-2 while the maximum outlet temperature of around 1045 K is reached shortly 
after the step increase to 9000 A M-2 . These values correspond to the temperature 
fall and rise, from the initial stack outlet temperature, of 25 and 22 K respectively. 
The transient response of the cathode stream outlet temperature during step 
changes in the average current density imposed with air ratio manipulation is 
presented in Figure 5.8. Similarly to Figure 5.7, Figure 5.8 shows the rapid fall 
and rise in the outlet temperature immediately follow the negative and positive 
step changes respectively. Here, the outlet temperature is, however, eventually 
returned to its initial value by the manipulation of the air ratio. After a negative 
step change, the decrease in the air ratio results in decreased convective cooling of 
the stack, causing the stack temperature to rise back up to the initial value. 
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Figure 5.7. Transient response of the cathode stream outlet temperature during 
step changes in the average current density from 7000 to 5000,6000,8000 and 
9000 A m-2, imposed on the exothermic stack without air ratio manipulation. 
Conversely, after a positive step change, the increase in air ratio results in 
increased convective cooling of the stack, allowing the stack temperature to be 
brought back down to the initial value. During such temperature transitions, the 
minimum outlet temperature of around 1015 K, and the maximum outlet 
temperature of around 1032 K, are reached following the step decrease to 5000 A 
M-2 and step increase to 9000 A m-2 respectively. These correspond to the 
temperature fall of 8K and rise of 9K from the initial steady state value, 
indicating that the control strategy is not only able to return the outlet temperature 
to its initial value but also reduces the interim temperature excursions. The outlet 
temperature in Figure 5.8 is characterised by oscillations which are clearly more 
5000 Am 
pronounced for the negative step changes than for the positive step changes. 
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Figure 5.8. Transient response of the cathode stream outlet temperature during 
step changes in the average current density from 7000 to 5000,6000,8000 and 
9000 A m', imposed on the exothermic stack with air ratio manipulation as 
illustrated in Figure 5.6. 
Figure 5.9 shows the transient response of the cell potential during step changes in 
the average current density imposed without air ratio manipulation. Here, the 
difference in the response time between the cell potential and stack temperature 
results in an undershoot and overshoot in voltage observed for the negative and 
positive step changes respectively. During a negative step change, the cell 
potential is instantaneously decreased due to an immediate fall in irreversible 
losses. The stack temperature, on the other hand, is reduced over a greater time 
interval as shown in Figure 5.7. Such a reduction in the stack temperature causes 
the irreversible losses to progressively rise, increasing the cell potential until the 
final steady state is reached. Conversely, during a positive step change, the 
increase in the average current density triggers an immediate rise in the cell 
5000Am2 
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potential which then progressively decreases to its final steady state value as the 
stack temperature is elevated. The undershoot following the negative step change 
to 5000 Am2 causes the minimum cell potential of around 1.41 V while the 
' overshoot after the step change to 9000 A in results in the maximum cell 
potential of around 1.60 V. Such minimum and maximum cell potentials 
correspond to a decrease of 7.24%, and an increase of 5.26%, from the initial 
steady state value. 
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Figure 5.9. Transient response of the cell potential during step changes in the 
average current density from 7000 to 5000,6000,8000 and 9000 A m-2, imposed 
on the exothermic stack without air ratio manipulation. 
The transient response of the cell potential during step changes in the average 
current density imposed with air ratio manipulation is illustrated in Figure 5.10. 
Although the cell potential is again characterised by an undershoot or overshoot, 
its final steady state value differs from that of the simulations with the fixed air 
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ratio, presented in Figure 5.9. The final cell potential here is associated with the 
stack temperature which has been returned to the initial value, as well as the new 
02 partial pressure in the anode streams corresponding to the air ratio at the final 
steady state. The cell potential at the final steady state in Figure 5.10 is found to 
be lower following the negative step changes and higher after the positive step 
changes than those in Figure 5.9. This suggests that although the air ratio 
manipulation successfully provides the temperature control for the exothermic 
stack, it also results in an increased transition in the cell potential between the 
initial and final steady states. For the negative step change to 5000 A m-', the cell 
potential at the final steady state is around 1.42 V, which corresponds to a 
decrease of 6.58% with respect to the initial steady state value. For the positive 
step change to 9000 Am, the final cell potential is around 1.59 V, corresponding ' 
to an increase of 4.61 %. Such small transitions are not expected to cause problems 
during the operation of an SOEC stack. 
This section presented the simulated dynamic behaviour of the IT-SOEC stack 
operated under exothermic conditions. Although the results indicate that the step 
changes in the average current density cause the outlet temperature to alter rapidly, 
manipulation of the air ratio is capable of returning the temperature to the initial 
value. Such a control strategy is observed to also reduce the interim temperature 
excursions between the initial and final steady states. As previously mentioned, 
the controller action is purposely selected to be rather slow in the simulations 
presented here. In practice, an actual controller with more rapid response would 
be capable of reducing the interim temperature excursions further, and allowing 
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Figure 5.10. Transient response of the cell potential during step changes in the 
164 
average current density from 7000 to 5000,6000,8000 and 9000 Am2, imposed 
on the exothermic stack with air ratio manipulation as illustrated in Figure 5.6. 
the final steady state to be reached more promptly, than illustrated in the simulated 
results. Nevertheless, the transient response of the outlet temperature displayed in 
Figure 5.8 still suggests that the proposed control strategy has a good potential in 
preventing the issues related to the temperature fluctuations during dynamic 
operation of the exothermic stack. 
5.3.3 Dynamic behaviour of IT-SOEC stack during 
endothermic operation 
Figures 5.11,5.12 and 5.14-5.16 present the transient response of the endothermic 
9000 Am2 
8000 A m' 
6000 Am 
5000 A m' 
stack when step changes in the average current density from 5000 to 3000,4000, 
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6000 and 7000 Am2 are imposed on the initial steady state defined in Section 
5.3.1. The dynamic results are presented for simulations in which the air ratio has 
been fixed as well as for those in which the air ratio has been adjusted to provide 
some temperature control. Figure 5.11 shows the transient response of the air ratio 
resulting from such a controller action. Similarly to the exothermic stack in Figure 
5.6, the air ratio is assumed to be progressively brought to its final steady state 
value in 100 s after the step changes in the average current density. The air ratio at 
the final steady state, which allows the cathode stream outlet temperature to return 
to its initial value, has again been determined prior to the simulations. Note that a 
rather slow controller action is again selected, allowing its effects on the stack 
temperature and cell potential to clearly be observed in Figures 5.14 and 5.16 
respectively. Also note that the transient response of the air ratio, presented for the 
endothermic stack, in Figure 5.11 possesses an opposite trend to that of the 
exothermic stack in Figure 5.6. During endothermic operation, the increase in the 
air ratio results in increased convective heating to the stack. Therefore, the 
decrease in the heat generated via irreversible losses, following the negative step 
changes in the average current density from 5000 to 3000 A m-3 and that from 
5000 to 4000 A in 2, can be compensated by the increased air ratio. After the 
positive step changes from 5000 to 6000 A M-3 and that from 5000 to 7000 A m-", 
on the other hand, the increase in the heat generated via irreversible losses is 
offset by the decreased air ratio. 
Figure 5.12 shows the transient response of the cathode stream outlet temperature 
during step changes in the average current density imposed without air ratio 
Chapter 5 
IT-SOEC with air-fed anode channels: model-based dynamic stack behaviour 
7 
6 
5 
4 
3 
2 
1 
0 fIr I 
-200 0 200 400 
3000 Am2 
4000 A m` 
6000 Am 
7000Am2 
600 800 1000 1200 1400 
Time (s) 
166 
Figure 5.11. Changes in the air ratio, which have been applied to the endothermic 
stack to imitate the action of an arbitrary controller during step changes in the 
average current density from 5000 to 3000,4000,6000 and 7000 A m`. 
manipulation. Similarly to the exothermic stack, the fall and rise in the average 
current density cause the temperature of the endothermic stack to decrease and 
increase respectively. However, the change in the outlet temperature of the 
endothermic stack occurs at slower rates than those of the exothermic stack shown 
in Figure 5.7. This is due to the difference between the exothermic and 
endothermic stacks in how the local current density distribution evolves during 
dynamic operation. As an example, the local current density distribution of the 
exothermic stack immediately after the negative step change in the average 
current density from 7000 to 5000 A m-2 , and that of the endothermic stack 
' immediately after the negative step change from 5000 to 3000 A m-, are 
illustrated in Figure 5.13. From the comparison with the initial steady states in 
Figure 5.3, it is apparent that the step changes trigger the greatest decrease in the 
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local current density near the outlet of the exothermic stack and near the inlet of 
the endothermic stack. For the exothermic stack, the significant fall in the local 
current density and the corresponding reduction in irreversible losses at the stack 
outlet result in the rapidly decreasing outlet temperature displayed in Figure 5.7. 
For the endothermic stack, on the other hand, the significant fall in the local 
current density and the corresponding reduction in irreversible losses at the stack 
inlet promote the heat transfer towards the inlet, gradually decreasing the outlet 
temperature as shown in Figure 5.12. Together with the heat conduction within the 
solid structure, such a heat transfer along the stack takes place via the thermal 
energy carried in the gas streams, as they travel along the channels, and via 
convection between the streams and solid structure. Note that for constant steam 
utilisation and air ratio, negative and positive step changes cause a decrease and 
increase in the stream flow rates respectively. For the conditions presented in 
Figure 5.12, the final flow rates for both the cathode and anode streams following 
the step changes to 3000 A M-2 are less than half of those after the step changes to 
7000 Am2. Here, the slower heat transfer associated with the smaller stream flow 
rates is reflected in the figure as the outlet temperature, which requires longer time 
to reach the final steady state following the negative step changes than after the 
positive step changes. 
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Figure 5.12. Transient response of the cathode stream outlet temperature during 
step changes in the average current density from 5000 to 3000,4000,6000 and 
7000 A m"2, imposed on the endothermic stack without air ratio manipulation. 
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Figure 5.13. Local current density along the exothermic and endothermic stacks 
immediately after the negative step changes in the average current density from 
7000 to 5000 A m-2 and from 5000 to 3000 A M-2 respectively. 
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The transient response of the cathode stream outlet temperature during step 
changes in the average current density imposed with air ratio manipulation is 
presented in Figure 5.14. The figure shows that the air ratio manipulation 
successfully returns the outlet temperature to the initial value with maximum 
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interim temperature excursion of only around 2 K, observed following the positive 
step change to 7000 A M-2 . The temperature excursions are maintained within such 
a low level due to the delayed response of the outlet temperature, following the 
step changes. This allows a considerable change in the air ratio to take place 
before a significant departure in the outlet temperature occurs from the initial 
value. Furthermore, between the initial and final steady states, the outlet 
temperature is observed to be generally higher following the negative step change 
to 3000 A m-2 than after the negative step change to 4000 A M-2 . This is 
inconsistent with the trend displayed in Figure 5.12 in which, without the 
temperature control, a greater reduction in the outlet temperature is predicted 
following the step change to 3000 A m-2. As can be seen in Figure 5.11, however, 
the controller is assumed to increase the air ratio at a faster rate following the step 
change to 3000 A m-2 than after the step change to 4000 A M-2 . Therefore, when 
the temperature control is implemented, the correspondingly faster rise in the 
convective heating maintains the higher outlet temperature following the step 
change to 3000 A M-2 . The outlet temperature 
is brought back to the initial value 
within 800 s after all step changes. 
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Figure 5.14. Transient response of the cathode stream outlet temperature during 
step changes in the average current density from 5000 to 3000,4000,6000 and 
7000 Am2, imposed on the endothermic stack with air ratio manipulation as 
illustrated in Figure 5.11. 
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Figure 5.15 shows the transient response of the cell potential during step changes 
in the average current density imposed without air ratio manipulation. Similarly to 
the exothermic stack in Figure 5.9, undershoots and overshoots are associated 
with the negative and positive step changes respectively. Here, the undershoot 
following the negative step change to 3000 A m-2 causes the minimum cell 
potential of around 1.07 V while the overshoot after the step change to 7000 A m'` 
results in the maximum cell potential of around 1.21 V. Such minimum and 
maximum cell potentials both correspond to a decrease and increase of 6.14%, 
3000Arn2 
4000 A m' 
from the initial steady state value. 
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average current density from 5000 to 3000,4000,6000 and 7000 A m-'`, imposed 
on the endothermic stack without air ratio manipulation. 
The transient response of the cell potential during step changes in the average 
current density imposed with air ratio manipulation is illustrated in Figure 5.16. 
Similarly to the exothermic stack, the cell potential at the final steady state here is 
lower following the negative step changes and higher after the positive step 
changes than those of the stack without air ratio manipulation, presented in Figure 
5.15. For the negative step change to 3000 A m-', the cell potential at the final 
steady state is around 1.08 V, which corresponds to a decrease of 5.26% with 
respect to the initial steady state value. For the positive step change to 7000 A m-'`, 
the final cell potential is around 1.21 V, corresponding to an increase of 6.14%. As 
previously mentioned for the exothermic stack, such small transitions are not 
expected to cause problems during the operation of an SOEC stack. 
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Figure 5.16. Transient response of the cell potential during step changes in the 
average current density from 5000 to 3000,4000,6000 and 7000 Am--, imposed 
on the endothermic stack with air ratio manipulation as illustrated in Figure 5.11. 
This section presented the simulated dynamic behaviour of the IT-SOEC stack 
operated under endothermic conditions. Similarly to the exothermic stack, the 
outlet temperature of the endothermic stack is altered following the step changes 
in the average current density. Such a temperature transition is, however, 
estimated to occur at slower rates than in the exothermic stack, allowing a 
considerable action by the controller to take place before a significant departure in 
the outlet temperature from the initial value occurs. As a result, the controller is 
predicted to return the outlet temperature to the initial value with only small 
interim temperature excursions, suggesting that the proposed control strategy 
should be capable of preventing the issues related to the temperature fluctuations 
3000 Am 
during dynamic operation of the endothermic stack also. 
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5.4 Conclusions 
A one-dimensional dynamic model of a cathode-supported planar IT-SOEC stack 
with the air flow introduced through the cells, previously developed in Chapter 4, 
has been employed to study the dynamic behaviour of such an SOEC and the 
prospect for stack temperature control through variation of the air flow rate. The 
step changes in the average current density were imposed to the stacks operated 
under exothermic and endothermic conditions, replicating the situation in which 
the changes in the supply of input electrical energy or demand for H2 are 
experienced. Such simulations have been performed both without and with the 
manipulation of the air ratio, imitating the action of an arbitrary controller. The 
simulated results suggest that although the stack temperature is altered by the step 
changes in the average current density, the proposed control strategy is capable of 
returning the outlet temperature of both exothermic and endothermic stacks to the 
initial value. Furthermore, the interim temperature excursions between the initial 
and final steady states are observed to be reduced by the action of the controller. 
Dynamic simulations also indicated that undershoot or overshoot appear in the 
cell potential when the step changes in the average current density are imposed. 
The control of stack temperature was observed to have an effect of increasing the 
difference between the cell potential at the initial steady state and that at the final 
steady state. The cell potential transitions are, however, predicted to be small such 
that they are not expected to cause problems during the operation of an SOEC 
stack. 
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Steam electrolysis using an SOEC at elevated temperatures might offer a solution 
to the high electrical energy consumption associated with conventional water 
electrolysers through a combination of favourable thermodynamics and kinetics. 
The elevated operating temperatures of the SOEC also make the monitoring of the 
stack thermal behaviour an essential part of the design process and cause the 
temperature control to become an important factor, especially during dynamic 
operation. In this project, simulation studies have been carried out to evaluate the 
potential for H2 production using an SOEC stack under both steady state and 
dynamic operation, resulting from the use of such intermittent renewable input 
electrical energy sources as wind turbines and photovoltaic cells or time 
dependent demand for H2. 
An SOEC can be seen in simple terms as the reverse operation of an SOFC. Here 
a previously developed model of an IT-SOFC stack has been modified to produce 
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a one-dimensional dynamic model of a planar cathode-supported IT-SOEC stack, 
taking the advantage of recent advances in SOFC research. The developed model 
was capable of simulating the distributed responses of the IT-SOEC stack, 
highlighting the electrochemical behaviour in detail, and allowed the prediction 
the transient responses, enabling the investigation of stack temperature control 
strategy. 
The developed model, which consists of an electrochemical model, a mass 
balance, and four energy balances, has firstly been employed to study the steady 
state performance of the IT-SOEC stack. The simulations found that activation 
overpotentials provide the largest contributions to irreversible losses while 
concentration overpotentials remained negligible throughout the stack. For an 
average current density of 7000 A M-2 and an inlet steam temperature of 1023 K, 
the electrical energy consumption of the stack was predicted to be around 3.1 
kWh per normal m3 of H2, significantly lower than those of water electrolysis 
stacks commercially available today. However, the dependence of the stack 
temperature distribution on the average current density has suggested that there is 
a need for a strict temperature control, especially during dynamic stack operation. 
To investigate the prospect for stack temperature control through variation of the 
air flow rate, the model has been modified to introduce the air flow through the 
cells. The simulations found that the increase in the air flow rate provides 
enhanced cooling and heating during exothermic and endothermic operation 
respectively, indicating that such a convective heat transfer between the cell 
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components and air flow would allow the control of stack temperature. However, 
only a small dependence of the temperature on the air flow rate was observed for a 
stack driven at conditions near thermoneutral operation. This stack behaviour, 
together with the increased risk in encountering transitions between exothermic 
and endothermic operation, suggested that the thermoneutral operating mode 
should be avoided from a control perspective. 
The proposed control strategy has further been investigated through dynamic 
simulations of the IT-SOEC stack under exothermic and endothermic operation. 
Although the simulations found that step changes in the average current density 
cause the stack temperature to alter during both exothermic and endothermic 
operation, the temperature control strategy was predicted to be capable of 
returning the stack temperature to the initial value. Furthermore, the control 
strategy was observed to reduce the interim temperature excursions between the 
initial and final steady states. Although, as previously mentioned, thermoneutral 
conditions should be avoided from a control perspective, the simulated transient 
responses suggested that the proposed control strategy has a good potential to 
prevent issues related to the temperature fluctuations of the exothermic and 
endothermic stacks during dynamic operation. 
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The present work has suggested that the temperature control through the variation 
of the air flow rate has a good potential to prevent issues related to the dynamic 
operation of the modelled IT-SOEC stack during exothermic and endothermic 
operation. The capability of such a control strategy may be studied further by the 
implementation of an actual feedback control loop into the model. The inclusion 
of PID (Proportional-Integral-Derivative) controller together with an actual output 
electrical power response of a wind turbine, for example, would allow the 
prediction of controller performance under actual situations. Furthermore, the 
monitoring of local temperature gradient in the solid structure and the estimation 
of the resulting induced stresses could provide more detailed understanding of the 
stack durability under various conditions. Such a study would be essential part of 
SOEC design process. 
As mentioned in Chapter 2, thermoneutral stack operation necessitates the 
integration of external heat sources, yet involves electrical energy consumption 
larger than that during endothermic operation, requiring both the investment cost 
associated with the transfer of thermal energy from external sources and the 
energy cost higher than that during endothermic operation. Therefore, from 
economic perspective, thermoneutral operation is usually not recommended. 
However, in some special cases, thermoneutral mode might become a preferred 
option. There might, for example, be situations in which high temperature thermal 
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energy is available from external sources but its quantity is not sufficient to allow 
the stack to be operated in endothermic mode. In such a situation, stack operation 
near thermoneutral point might be selected over exothermic operation, depending 
on the price of electricity. As explained in Chapter 4, the proposed control strategy 
is, however, expected not to be effective for a stack operated close to 
thermoneutral mode and could even cause stack temperature oscillation. It would, 
therefore, be interesting to investigate alternative control strategies such that stack 
temperature can be controlled effectively during thermoneutral operation. One 
possible approach might be to maintain a very large air flow rate through the cells, 
providing large thermal inertia to the stack. The increased thermal inertia would 
allow the stack temperature to become less sensitive to the changes in the input 
electrical power. However, larger air flow rate would also result in an increased 
electrical energy consumption by the compressor as well as an increased heat loss 
within the system. Such effects would be important factors for the energy 
efficiency of an SOEC and must be quantified during the design of a complete 
system. Another alternative control strategy might be to place the stack into a 
furnace. Responses from such a control strategy, however, can be very slow and 
its effectiveness as well as additional energy required to operate the furnace must 
be considered. 
Although the present work has mainly focused on the temperature control for an 
SOEC stack, the developed model may also be used to investigate several other 
aspects of steam electrolysis such as the production of pressurised H-,, different 
flow configurations and multi-dimensional stack behaviour. As mentioned in 
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Chapter 1, some water electrolysers are capable of producing pressurised H-,, 
reducing the additional energy and cost associated with the pressurised storage. 
However, pressurised stack operation would involve larger reversible potential. 
The effects of elevated pressures on irreversible losses would also need to be 
investigated. The model can be used to simulate a pressurised operation of an 
SOEC, evaluating the prospect of SOEC operation at elevated pressures. While 
slight modifications to the model would allow the comparison between the co-, 
counter- and cross-flow configurations used in planar stacks, more extensive 
ISO 
modifications could expand the model to describe the SOEC behaviour in multi- 
dimensions. The multi-dimensional simulations would provide more detailed 
understanding of the SOEC stack behaviour, especially in the fluid flow aspects. 
However, the validation of the existing model using experimental data would be 
essential before creating a modified model with an increased complexity. 
The stack model may ultimately be integrated into a system model of a H2 
production plant. A techno-economic analysis using such a system model can 
identify the optimum operating conditions and predict, for a particular case study, 
whether or not the cost of H2 produced by an SOEC system would actually be 
competitive against those from low temperature water electrolysers and other H2 
production techniques. The techno-economic model can also be used to categorise 
the situations in which steam electrolysis should be preferred over other H2 
production techniques. 
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Derivation of the standard potential 
As described in Chapter 3, the magnitude of the standard potential (U°) 
corresponds to the reversible potential at unity activity. Here, the standard 
potential is expressed in Equation (A. 1) as a function of the change in Gibbs free 
energy (4G°) during the reaction. 
U°(x) =- 
AG°(x) 
2F 
(A. 1) 
The change in Gibbs free energy is calculated assuming that H2, H2O and O, 
partial pressures are all 1 bar in Equation (A. 2). The changes in enthalpy (AH°) 
and entropy (dS°) are worked out from Equations (A. 3) and (A. 4) respectively. 
Here, the stoichiometric coefficient of H2 is placed in the denominator, ensuring 
that the changes in enthalpy and entropy are expressed per mole of product H2. 
AG ° (x) = AH ° (x) - TS (x)AS ° (x) (A. 2) 
dH°(x)= vH, 
HH, (x)+vH, HH, (x)+v0, H(,, (x) 
(A. 3) 
VH, 
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QS0 (X) = 
VH, SH, (X) + VHOSH, O 
(X) + VO` SO, (X) 
(A. 4) 
VH, 
The enthalpy (H) and entropy (S) values are determined for each gas species at a 
given temperature using Equations (A. 5) and (A. 6) respectively [1]. As can be 
seen in the equations, the enthalpy is the sum of the enthalpy of formation (H 298) 
and the change in enthalpy from the reference temperature (298.15 K) to the 
temperature of H2, H2O and 02 (H). Similarly, the entropy is the sum of the 
absolute entropy at the standard reference state (S 298) and the change in entropy 
from the reference temperature to the temperature of H2, H2O and Oz (S T). 
Hi (x)=H298+Hi (x), iE{H2, H20,02 
S, (x)=S298+ST(x), iE{H2, H2O, 02} 
(A. 5) 
(A. 6) 
The enthalpy of formation and absolute entropy at the standard reference state can 
be found from thermodynamic tables [1]. The changes in enthalpy and entropy 
from the reference temperature to the temperature of H2, H2O and O, are 
calculated using Equations (A. 7) and (A. 8) respectively. 
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HT (X) = 8ý. I[Ts (x)] + 22 [TS (x)12 + 
o3ý 
[Ts (x)+44 [Ts (x)]4 
(A. 7) 
- fI , 29 8.151 -2 [298.15]2 - 
X33 
[298.15]3 - 
X44 
[298.15] 
iE{H2, H20,02} 
ST (x) = 6;,, 1n[TS(x)]+Q2[Ts(x)]+ 2ý [T, (x)]2 +X34 [TS (x)]' 
(A. 8) 
-9 , 1n[298.15] - B; 2 [298.15] -03 [298.15]2 - 
©34 
[298.15]3 
iE{H2, H20,02} 
Equations (A. 7) and (A. 8) have been derived by applying the relationships 
described in Equations (A. 9) and (A. 10) [2], assuming the ideal gas behaviour of 
H2, H2O and 02. 
HT(x)=H, (TS)-H; (Tf)_ fl? C1; (T)dT, iE{H2, H20, O2} (A. 9) 
f'/ C"ý (T) dT, iE{H2, H20,02} (A. 10) ST(x)=S; (T. )-S; (T,., /)= 
Equation (A. 11) shows the heat capacity formula which has been substituted in 
Equations (A. 9) and (A. 10), and Table A. 1 displays the coefficients used in such a 
formula [3]. 
C,, (T)=8, +0,2T+0 T2+04T3, iE{H2, H20,02} (A. 11) 
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Table A. 1. Coefficients for the heat capacity formula in Equation (A. 11) [3]. 
By,, 2.714x101 J K-1 mol-1 
OH-2 9.274x10-3 J K-2 mol-1 
014,, 3 -1.381x10-5 J K-3 mol-1 
0y,, 4 7.645x10-9 J K-4 mol-1 
BH, O,, 3.224x101 J K-1 mol-1 
0H202 2 1.924x10-3 J K-2 mol-1 
OH3 03 3 1.055x10-5 J K-3 mol-1 
0H204 4 -3.596x10-9 J K-4 mol-1 
00"i 2.811x101 J K-1 mol-1 
00,, 2 -3.680x10-6 J K-2 mol-1 
80,, 3 1.746x10-5 J K-3 mol-1 
80,, 4 -1.065x10-8 J K-4 mol-1 
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Derivation of gas species 
concentrations at triple phase 
boundaries 
During operation of an SOEC, electrochemical reactions occur at TPBs, where the 
electrolyte, porous electrode and gas species meet at the interface between the 
electrolyte and electrode. In the cathode, the production of H2 and consumption of 
H-, O at the TPB, therefore, result in the diffusions of H2 away from and H-, O 
towards the TPB as illustrated in Figure B. 1. 
Hz / H2O -a, - Cathode streams - Hz / H, O 
Cathode 
t H2O t HO 
H2 Hz 
Triple Phase Boundary 
Z 
Electrolyte Lx 
Figure B. 1. Mass transport of gas species in the cathode of an SOEC. 
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In the SOFC anode, this diffusion is often described by Fick's model, relating the 
transport of H2 and H2O molecules to their concentrations inside the electrode. 
For the SOEC cathode here, H2 and H2O fluxes are expressed in Equations (B. 1) 
and (B. 2) respectively, assuming one-dimensional equimolar counter current 
diffusion of H2 and H2O along the z-axis, perpendicular to the plane of the 
electrode. Such equations have been adopted from the equations presented for the 
H2 and H2O fluxes in the SOFC anode [1,2]. 
dC . ........... H, 
'ýH_ _ -ýej(. ruthoýle 
(B. 
dz 
dC........... H, O JH 
() _ -Di, ýý, cadioýlr dz 
(B. 2) 
At equilibrium, the H2 and H2O fluxes can also be expressed by Equations (B. 3) 
and (B. 4) respectively, assuming a current efficiency of 100%. 
_ 
j(x) j(x) 
JH2 
2F vy2 = 2F 
(B. 3) 
J(x) 
v=- 
J(x) (B. 4) ý''u - 2F `ý2 2F 
By substituting Equation (B. 3) into (B. 1) and Equation (B. 4) into (B. 2), Equations 
(B. 5) and (B. 6) can be derived respectively. 
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i (x) dC""""" 
2F dz 
(B. 5) 
i(x) dz = dCH, 1n 
- Jý 
,, 11l- x) dCH2() 
2F dz (B. 6) 
J(x) dz = dCH,, (,,,, ý, 
Integration of Equation (B. 5) along the thickness of the cathode results in an 
expression for the Hz concentration at the TPB as a function of the Hz 
concentration in the cathode streams and local current density (B. 7). Note that the 
cathode effective diffusivity is assumed to be uniform throughout the electrode. 
ä, a,, 1,, _ j(x) 
2FD r1. ,,, h,, d- 
Zt L) 
ff cathode 
CH, (. A) 
dz =f dCH.......... 
TYB Ömtýiode 
= CH (X) - 
Cy (x) 
CyTPmit) 
, 
"(x) = CH (x)+ 
ö(ul' 
fi(x) 
2 FD(, 
// . <,, iJw de- 
(B. 7) 
Similarly, the integration of Equation (B. 6) results in an expression for the H2O 
concentration at TPB (B. 8). 
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. 
1(X) 
2FDý1, 
. ((, rnO(i(- 
CH, o(i) 
Z=r (diode dz 
7PB CH 
!I(. i 
) 
Jux) / TPH 
2 FD 
ýru)hode = CH, 0 
(X) 
- 
CH, 
O 
(X) 
ýcuýhncle 
TPB /- 
H, O 
CT" (x) = CH, O(x) 2 FDý11, 
catr, ode 
(B. 8) 
Although the difference between the 02 concentration at the TPB and that in the 
anode streams has been assumed negligible in the model of the IT-SOEC stack 
with pure 02 anode streams, it has been taken into account in the model of the IT- 
SOEC stack with air-fed anode channels. As illustrated in Figure B. 2, while the 
production of Oz in the IT-SOEC stack with air-fed anode channels is expected to 
cause the flux of O2 away from the TPB, the flux of N2, which is not involved in 
the electrochemical reaction, is assumed zero. 
Electrolyte 
ow, - Triple Phase Boundary 
o, o, 
N` j N1 
Anode 
Z 
L0z/ N2 -º Anode streams O, / N2 
Figure B. 2. Mass transport of gas species in the anode of an SOEC with air-fed 
anode channel. 
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Here, the 02 flux in the IT-SOEC anode is expressed by Equation (B. 9), assuming 
one-dimensional self diffusion of 02 along the z-axis. Such an equation has been 
adopted from the equation presented for the 02 flux in the SOFC cathode [2]. 
Note that mole fraction of 02 is here defined in the anode rather than in the anode 
streams. 
_ 
Ol mole unudr Jll, 
ýýc/f Inoýlr dz 
+ vO J(1 
(B. 9) 
mo/c modr (1, 
Yo, allod" dz 
At equilibrium, the 02 flux can also be expressed by Equation (B. 10), assuming a 
current efficiency of 100%. 
__ 
± 
__ 
J(x) (B. 10) "' 2F°2 4F 
By substituting Equation (B. 10) into (B. 9) and using the definition of mole 
fraction, Equation (B. 11) can be derived. 
J(x) C( /:: de- ( z) dC'ý"°th 
4F 
[1_ 
C r, 
I- -Detr,,,,, r dz 
(B. 11) 
J(x) dz -l 4FD, re l-C,,,, ý, ýrý- crJ, anod, , Dial ! oral O, 
(z) 
Integration of Equation (B. 11) along the thickness of the anode results in Equation 
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(B. 12). Note that the anode effective diffusivity and 
total concentration of the 
gases in the anode is assumed to 
be uniform throughout the electrode. 
i(x) dz = 1" 
1 dCa, u, th 
call", C'1110(le (Z) - 
0 
4FD, cýý'H rund ýýý C! (, unndr total r 
Cnnnde - cTNH 
_ 
j(, x)(ý t, tl O, 
(xv 
Al (B. 12) 
dill Ic Cu () x <. rý . ýmotle , ulna 
CT "° (x) 
exp CllOd, - - C1ýý, 1ý, - (x) 4FD, a: 
':;; Cu1ClI 
, anode 
total 
Assuming that the total concentration of the gases 
in the anode is equivalent to 
that in the anode stream, an expression 
for the 02 concentration at TPB as a 
function of Oz and N7 concentrations 
in the anode streams and local current 
density is arrived at (B. 13). 
TNB 
- 
.ý 
(x)ý<utndr 
- 
Co, (x) + CN2 (x) - 
CO, (x) 
exp 4FD, 11., ý[Cý, 
(x) + C., (x)] Coý2 (x) + CN, (x) - 
C0 (x) 
CT ``l (x) = Co, (x) + CN2(x) CN2 
(x) exp 4FD, , 
[Cu, (x) + CN (x)1 
(B. 13) 
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